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on the cover
Front: Just before celebrating its 2,000th day 
(or “sol”) on Mars, NASA’s Mars rover Curiosity 
used a new drill method to produce a hole in 
a target named Lake Orcadie. More than a 
year ago, a motor problem curtailed the use of 
the drill, but engineers at NASA’s Jet 
Propulsion Laboratory have managed to 
bypass the use of the drill stabilizers, allowing 
the drill bit to bore into rock samples once 
more. Credit: NASA/JPL-Caletch/MSSS

Back: The Hubble Space Telescope has 
discovered the most distant (and therefore 
oldest) star ever seen—it formed only 4.4 
billion years after the Big Bang. This is the field 
of Hubble’s view through a massive galaxy 
cluster creating a gravitational lens, boosting 
the space telescope’s magnifying strength. 
Credit: NASA & ESA and P. Kelly (University of 
California, Berkeley)
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How Much Is Too Much?
perspectives

It seems that wherever humans explore, trash 
is sure to follow. Recently, Mount Everest has 
been making headlines, featuring not stories 

of human endeavor and achievement, but tales 
of the pile of trash and human waste that has 
been left in our wake. This once pristine envi-
ronment is now being choked with discarded 
packaging and empty oxygen bottles. Everest’s 
once-impenetrable frontier isn’t the limit of 
human kind’s littering potential, however.

Space junk, or space debris, is filling low-
Earth orbit and there are genuine concerns that 
the defunct satellites, lost screws and shards 
of blown rocket parts will limit our access to 
space in the future. Before we’ve even become 
a multiplanetary species, we’ve paved our path 
to the final frontier with rubbish. And so, as 
we celebrate the awesome launch of SpaceX’s 
Falcon Heavy, my excitement for the sight of a 
dazzling event was somewhat tapered by the 
delivery of Elon Musk’s Tesla Roadster into solar 
orbit. Granted, the car served a purpose as the 
test mass to simulate a payload, but the result 
was yet another piece of space junk—dirty 
space junk at that. This car was driven around 

Los Angeles, and even if it was cleaned, it was 
unlikely up to a planetary protection standard 
that would have ridded the majority of bacte-
ria from every nook and cranny. It is thought 
to have been the dirtiest object we’ve ever 
launched. While I’m not immune to the awe-
some visuals of the Roadster leaving Earth 
(see page 44) and I sincerely hope the event 
inspired the world to look up and possibly 
be motivated to begin a career in STEM fields 
relating to space science, the Roadster is now 
just another piece of junk in space. 

What do you think? Was the SpaceX/Tesla 
stunt worth the (let’s face it) small amount of 
interplanetary rubbish for the inspiration it 
likely fostered? Or should private space compa-
nies take the lead in minimizing unneccesary 
space debris in Earth orbit and beyond?  

I’d love to hear your thoughts.

Ian O’Neill
Editor, Mercury

editor@astrosociety.org | @AstroSocietyPac
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Farewell, Stephen
Remembering a quiet man.

by Linda Shore

first word

Stephen Hawking died on March 14. He was one of the greatest 
scientists in history, contributing to our understanding of black 
holes, general relativity, cosmology, and quantum gravity. His 

ashes will be interred at Westminster Abbey on June 15, next to the 
graves of Isaac Newton and Charles Darwin. 

I had the great honor of meeting Stephen Hawking in the faculty 
dining room at Caltech in Pasadena, California. He was having lunch 
and a conversation with a group of colleagues and I was on my way 
out. It was the busiest time of day at the club, so I needed to negoti-
ate through a maze of tables and chairs, tightly packed with some of 
the greatest minds in the country and their guests. I was a guest. 

My heart skipped a beat when I realized my only path to the exit 
meant squeezing past his wheelchair.  As I snaked my way to where 
Prof. Hawking was sitting, I debated whether or not to say anything 
to him.  I composed at least ten different greetings while I walked.  
In my highly distracted state, my foot caught the front wheel of his 
chair and I tripped.  

I don’t think anyone noticed other than Dr. Hawking, who moved 
his piercing blue gaze upwards to scrutinize my face. By this point in 
his life, Amyotrophic lateral sclerosis (ALS) had robbed his body of 
everything except for the ability to move his eyes and use his mind. 
I never said anything I had rehearsed and felt frozen like a stunned 
deer. I just smiled sheepishly and apologetically; it was all I could Prof. Stephen Hawking [University of Cambridge]

https://www.cam.ac.uk/stephenhawking
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manage. In that instant, I realized we were actually communicat-
ing quite a lot.  It was a silent conversation I will never forget.  As 
Hawking once said, “quiet people have the loudest minds.”

In this edition of Mercury we feature upcoming missions that will 
carry new and more powerful instruments into space and to the 
planets.  As you read about the TESS exoplanet telescope, the NASA 
Mars InSight mission, the SpaceX Falcon Heavy launch, and the 
progress made by the NASA Mars Opportunity and Curiosity rovers, 
consider the remarkable capacity for the mind to reach out, inves-
tigate, and uncover the mysteries of the most remote places in the 
universe.  In that way, Stephen Hawking will long be remembered as 
one of the greatest space explorers of our time.  

Hawking enjoyed a zero-gravity flight on a modified Boeing 727 aircraft owned by Zero Gravity Corp. for his 65th birthday on Jan. 8, 2007 [NASA]

“ ”
Look up at the stars and not down at 
your feet. Try to make sense of what 

you see, and wonder about what 
makes the universe exist.  Be curious.

                                                                                —Stephen Hawking (1942-2018)

LINDA SHORE is the Chief Executive Officer of the Astronomical Society of the Pacific.

mailto:lshore%40astrosociety.org
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It is one of the strangest words in astronomy. What is a syzygy (pro-
nounced “SIZ-i-jee”), and why was it such a big deal in astronomy 
700 years ago? 
Whenever we experience a new Moon or a full Moon, the Earth, 

Sun and Moon are in alignment. That is the basic definition of a 
syzygy: the alignment of three or more celestial bodies. In the case 
of Earth-Moon-Sun, this sometimes results in an eclipse of the Sun or 
the Moon.

The original mathematical method of calculating a syzygy was 
given by Ptolemy in his great work The Almagest, dating to around 
150CE. Looking at late medieval texts, it becomes apparent that 
astronomical tables in both Latin and Hebrew were focused on 
syzygies and eclipses more than any other planetary motion. Quite 
often these manuscripts don’t even offer the positions of the plan-
ets. According to Richard Kremer of Dartmouth College, “computing 
syzygies to a precision of minutes might well have been the most 
common preoccupation of late medieval astronomers.”

This was true throughout Europe. Astronomers linked to Oxford 
University in England produced such data from 1387 to 1462, while 
just one publication on the Continent (Spain, France and Italy) went 
through 60 editions from 1485 to 1550.

I suggest the great fascination of medieval scholars with syzygies 
got a major boost from the notorious Toledo Letter of 1184, which I 

examined in a previous Mercury column (Winter 2011, Vol 39, No. 1). 
In a nutshell, a letter purporting to be from the University of Toledo 
predicted the end of the world would occur when all the planets 
aligned in 1186. The ultimate syzygy! 

The bogeyman raised by the Toledo Letter was raised again and 
again, right through the entire 14th century, maintaining a keen 
interest in syzygies.

Finding Syzygy in the 14th Century
Computing celestial alignments may be routine today, but for medieval astronomers it was a major undertaking.

When the Earth, Moon and Sun align, a syzygy occurs. In this artist’s illustration depicts an Earth-
Moon-Sun syzygy, which results in a solar eclipse [NASA]

by Clifford J. Cunningham

annals of astronomy

https://www.astrosociety.org/37RYL62T/2011pdfs/Win11.pdf
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astronomy. Thus the data in the Alfonsine Tables (which had so long 
been used to prop up the Earth-based cosmos of Ptolemy with its 
infamous epicycles), combined with the work of Regiomontanus 
in his analysis of Ptolemy’s work, became the key elements in the 
downfall of Ptolemy at the hands of Copernicus. 

This column is based in part on research by Dr. Kremer, who pub-
lished a paper on syzygy in Historia Mathematica in 2003. 

CLIFFORD J. CUNNINGHAM recently gave a talk on his asteroid research to the astronomy students 
of Mt. Holyoke College in Massachusetts.

Given the fact Toledo was one of Europe’s greatest cen-
tres of learning, it is no surprise to learn that the  Alfonsine 
Tables, which provided data for computing the positions 
of the moon, Sun and planets, were formulated there. 
They were named after King Alfonso X of Castile; their first 
appearance was in 1252, with the first edition in print dated 
to 1483. 

Around 1330 a Parisian, known to posterity as John 
of Saxony, developed a computational method of com-
puting the time of syzygy to an accuracy of minutes. 
Employing data from the Alfonsine Tables, the method 
he created was used by Regiomantanus in the 1440s and 
1450s. Regiomontanus has been termed “the most prolific 
computer of ephemerides in the 15th century,” and will 
be the subject of a future Annals column for Mercury. His 
importance here rests on publication of the Epitome of the 
Almagest in 1496. This was more than just an abridgement 
of Ptolemy’s Almagest, as Regiomontanus was the first 
European who really understood Ptolemy’s mathematical 
astronomy.  

The work of Regiomontanus, including his work on 
syzygies in the Epitome, came into the hands of Copernicus, who 
studied syzygies extensively. Copernicus owned a copy of the 
Alfonsine Tables printed in 1492, and used the data there to make 
computations. Historians of astronomy have stated his method of 
finding the time of true syzygy “may be Copernicus’ most valuable 
contribution to practical astronomy.” 

Beyond this however, Copernicus used a description of 
Ptolemy’s model of the cosmos, as elaborated and expanded by 
Regiomontanus in the Epitome. This was critical in leading him to 
the heliocentric theory, which formed the foundation of modern 

The front pages of Regiomontanus’ 1496 “Epitome of the Almagest”—an abridgement of Ptolemy’s work—includ-
ing notes and diagrams written by a reader (left). The illustration (right) depicts Regiomontanus talking with Ptolemy 
under a model of the Earth [Courtesy of the Smithsonian Libraries]

https://www.maa.org/press/periodicals/convergence/mathematical-treasure-epitome-of-the-almagest
https://library.si.edu/image-gallery/68452
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research focus

by M. Katy Rodriguez WimberlyThe Curious Case of Empty Dark Matter Halos
Galaxies live inside dark matter halo “houses”—but there seems to be a lot of empty homes out there.

Astrophysics is the only field of study that deals simultane-
ously with the largest and smallest scales known to human-
kind. Astronomers have answered some of the biggest 

questions using relatively tiny solutions—such as detecting the 
gravitational waves of two black holes colliding billions of years ago 
through a detector’s physical change that’s smaller than a proton. 

These newly detected waves aren’t the only big question/tiny 
solution occurrence in recent astronomy history, however. One of 
the most intriguing puzzles of the last decade focuses on the inter-
face of cosmology, particle physics and galaxy evolution. If you’ve 
tuned into any popular science news, you’ll know the question 
daunting astro- and particle physicists alike: what is dark matter and 
how the heck does it work?

What we do know: Dark matter makes up about 25 percent of the 
universe, with dark energy being the most abundant at 70 percent, 
and visible matter (everything we can see) coming in last at just 5 
percent. There are some hearty theories about what dark matter 
could be and how it affects visible matter and it just so happens that 
this is where astronomers working on galaxy evolution (like me!) can 
assist in finding an answer to one of the most perplexing puzzles of 
our time. 

You see, we know that the preponderance of galaxies are “housed” 
inside a dark matter halo (a surrounding sphere of dark matter), but 

does every house have a galaxy? Through research in how these 
homes (dark matter halos) and their inhabitants (galaxies) interact, 
in part, the theory of Cold Dark Matter (CDM) has emerged, with 
some specific parameters on the model to create the well known 
LCDM model of dark matter. LCDM is excellent at explaining large 

A snapshot from the ELVIS cosmological simulation. The two large red dots are dark matter halos that 
would house Milky Way-like galaxies. Each additional dot represents a nearby dark matter halo that 
would house small satellite galaxies [Garrison-Kimmel, S., et al.; MNRAS, vol. 438, issue 3, 2014]

https://www.ligo.caltech.edu/news/ligo20160211
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scale structures of the Universe, like groups 
of galaxies, but it’s not so great at explain-
ing the small details like which “houses” 
ultra-faint dwarf galaxies live in.

This issue with LCDM not excelling in 
describing the smallest scales of structure 
in the Universe and galaxies is almost like 
the older sister to my very first astrophys-
ics graduate research project—asking how 
long it might take for ultra-faint dwarf 
galaxies to stop forming new stars. (See my 
article in the Mercury Winter 2018 issue.)

Here, the downfalls of the LCDM model 
manifest in count discrepancies of ultra-
faint dwarf galaxies. Simulations of galaxies 
in the Universe (cosmological simulations) 
predict many more tiny dark matter halos 
than the number of tiny galaxies predicted through observations. In 
simulations of Milky Way-like galaxies and the surrounding galaxies, 
there are commonly about 1,000 of the smallest dark matter halos, 
yet we only see about 50 of the smallest galaxies nearby. What phys-
ics are we not understanding that’s causing such a big discrepancy?

There should be an equal number of dark matter halos to galax-
ies—but we’re seeing an awful lot of empty dark matter homes! 
Thus, this discrepancy is aptly named the Missing Satellites Problem, 
since we’re focusing in on small galaxies surrounding the Milky Way. 
While we are certain there’s undiscovered tiny galaxies of the ultra-
faint variety nearby, it seems highly unlikely that there are around 
1,000 undiscovered nearby.

Through detailed investigations on how galaxies and their dark 
matter homes fit together, there has been some headway made in 

find the solution to our dilemma. One of 
the greatest positives to LCDM is how well 
this model predicts large-scale structures 
in the Universe. As mentioned earlier, it’s 
on the tiniest scales where our problems 
arise. One potential solution that recti-
fies this small scale issue—as well as the 
Missing Satellite issue—is that it could just 
be harder to form galaxies in increasingly 
smaller dark matter halos. Meaning, there 
really are empty dark matter homes roam-
ing around the universe! So, the satellites 
are not missing; it’s the overabundance of 
dark matter halos that are just empty.

As with all possible solutions, more 
rigorous detailed work is currently going 
into resolving this problem. Astronomers 

are continuing to search for undiscovered ultra-faint dwarf galax-
ies partially in the hopes of reaching a more definite conclusion. 
Cosmological simulations of the universe and observed popula-
tions of ultra-faint dwarf galaxies continue to be compared to better 
constrain the mass limits at which dark matter halos cannot form 
galaxies. This is in all in the hopes to solve one huge question with 
some very tiny galaxies and dark matter halos. Only time will tell if 
advances in our knowledge of these tiny homes (the small dark mat-
ter halos) and their itty-bitty inhabitants (ultra-faint dwarf galaxies), 
can change an underlying model of the entire universe (LCDM). 

KATY RODRIGUEZ WIMBERLY is an NSF Graduate Research Fellow in the Astronomy & Physics 
Department at University of California, Irvine, and the ASP’s Jr. Board Fellow. She studies galaxy evo-
lution using both optical telescopes and dark matter-only cosmological simulations.

A map of our galactic neighborhood, the Local Group [Andrew Z. Colvin/AAS]
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research focus

by Adrianna BrownBlack Holes and Galaxies: A Gravitational Love Story
How supermassive black holes and galaxies evolve together is one of the biggest questions hanging over modern astrophysics.

I often think of black holes like I think of sharks in the ocean: beau-
tiful and elusive in the vast depths, yet terrifying and symbolic 
of a violent end. Most of the time black holes are brought up in 

pop culture, they’re either the tools of the savvy space-time traveler 
looking for a wormhole that pops you out into a distant universe, 
a mass by which you can slingshot your failing ship around to get 
home sooner, or they’re simply a looming death trap. Fortunately, as 
an astrophysics graduate student here on Planet Earth, I can use the 
tools of the trade to study these objects at a safe distance.

Yet, I am not immune to the effects of black holes—none of us are. 
While our galaxy is dotted with millions of black holes that have 

masses like that of a star, at the center of nearly every galaxy in the 
known universe resides a supermassive black hole. These objects 
have masses on the order of millions, and sometimes up to billions, 
of stellar masses. Our own supermassive black hole, affectionately 
referred to as Sagittarius A* (Sgr A*) due to its proximity to the 
Sagittarius constellation, is about 27 thousand light-years away and 
has a mass of around four million Suns. Our galaxy is about a hun-
dred thousand light-years in diameter, and Pluto is about eight light-
minutes from us, so Sgr A* is fairly distant. 

If it is so far away, how is it that it affects us every second of every 
day? The answer is gravity, in two ways. 

Black holes are possibly the most unique objects in the universe, 

partly because they are only influenced by gravity, not radiation. In 
fact, that’s what makes them ‘black’—their incredible mass has such 
a strong gravitational pull that even the light whizzing by it from 
nearby stars gets sucked in. This mass is believed to be one of the 
main ‘cogs’ in the wheel of our galaxy, helping to keep it all together. 

Centaurus A is the fifth brightest galaxy in the sky dominated by the light generated by the active 
supermassive black hole in its core. This is a composite image of the galaxy incorporating optical, 
X-ray and infrared wavelengths [X-ray: NASA/CXC/SAO; Optical: Rolf Olsen; Infrared: NASA/JPL-Caltech]
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But the real consequences of living a supermassive black hole life 
can only be understood on time scales that our human lives can’t 
grasp.

If you think of the age of the universe as a calendar year with the 
Big Bang occurring on Jan. 1 at 12 a.m. and our current present day 
being 11:59 p.m. on Dec. 31, galaxies and black holes started form-
ing somewhere around Jan. 22. Unfortunately, there is still a heated 
debate as to how the first black holes formed: some believe they 
have to be the remnants of the first stars after they ran out of fuel 
and went supernova, whereas others believe some black holes could 
form almost instantaneously if there was enough gas in a confined 
space to collapse in on itself. It’s likely a combination of both and, as 
the field of gravitational wave astronomy blossoms, we hope to have 
a better, more specific idea in the near future. 

Either way, one thing is for sure in our current day picture, where 
you find a supermassive black hole, you will also find a galaxy. We 
take this as surefire evidence that supermassive black hole and gal-

axy evolution are intimately tangled together.
Like any symbiotic relationship, one must wonder: what does 

each party get out of this?
We know supermassive black holes are part of the glue that keeps 

a galaxy together, but what does the galaxy give to the black hole? 
The answer: mass. When a supermassive black hole is growing by 
actively consuming nearby matter, be it dust, gas, or unfortunate 
nearby stars, we refer to it as an active galactic nucleus, or AGN. Now, 
occasionally, a cloud of gas flies into Sgr A*, but otherwise the stars 
around our own supermassive black hole are in a generally stable 
orbit, much like the planets orbiting the Sun in our solar system. So, 
Sgr A* is not, by definition, an AGN. At least not right now.

See, it takes a lot to be classified as an AGN; specifically, it takes 
a lot of radiation. In fact, AGN emit more radiation across the entire 
electromagnetic spectrum than all of the stars in its host galaxy 
combined. This makes AGN individually the most powerful objects 
in the universe. All that power beaming out from such an incredibly 
tiny region within a galaxy means that when we go to observe that 
galaxy at any wavelength, the image is often dominated by a very 
bright, tiny dot at the center (hence the term ‘nucleus’). And hiding 
in that nucleus is a supermassive black hole surrounded by hot gas 
and dust rushing towards an imminent fate. 

But how did the gas and dust get there in the first place? Gravity: 
part two.

The first black holes and galaxies in the universe were likely 
smaller than our Milky Way today. They grew over time as they 
merged together, driven by their mutual gravitational attraction. 
Simulations of these merging scenarios detail beautiful tangos 
where galaxies swing past one another, barely touching the first few 
times, but eventually slamming into each other forming one single 
larger galaxy that comes complete with a single larger black hole. 

The central region of the spiral galaxy M77 as seen by Hubble and ALMA (inset). This observation 
shows the active black hole is surrounded by a ring of gas and dust [NASA/ESA/ESO/NAOJ/NRAO]
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The new supermassive black hole has a larger appetite due to its 
larger mass. As the dust literally settles within the new galaxy, it’s 
dragged toward the nucleus where a looming beast awaits its feast.

The gas and dust get closer to the black hole, orbiting faster and 
faster, getting squeezed into the shape of a disk by angular and 
gravitational forces. This disk is the metaphorical feedbag of the 
black hole, providing all the matter it needs to consume and grow. 
The disk is also incredibly hot, and its ultra-fast circular motion blasts 
hot winds of radiation across the entire galaxy.

All this dust-dragging and radiation-blasting is great for the 
supermassive black hole, but it comes at a price. The matter that was 
dragged into the nucleus could have instead helped form brand 
new stars for the galaxy. The winds blasting off the disk may disturb 
or sweep away potential stellar nurseries (a.k.a. clouds of cold gas 
and dust), again depriving the galaxy of any new star formation. 
In fewer cases, AGN produce two very powerful opposing jets that 
shoot material out of the entire galaxy and into the void. Simulations 
show that over time these effects essentially slow or completely 
prevent new stars from forming within the galaxy. If new stars don’t 
form, then gas and dust production slow from the lack of superno-
vas. If gas and dust production slow, then the supermassive black 
hole has nothing to feed on. Theoretically, this cycle continues until 
either another dusty galaxy comes along and merges with the dying 
one, or until new stars stop forming altogether and the black hole is 
forced to live hungry and in dark isolation.

Observing the relationship between AGN and star formation is 
difficult. As humans, we are simply not alive long enough to watch 
this interplay happen. To make matters worse, observing AGN and 
star formation processes is quite complex. Baby stars are hidden in 
clouds of warm gas and dust and AGN are surrounded by warm gas 
and dust. Thus, researchers often quantify how much star formation 

is going on by looking for warm dust; but, one can also judge how 
powerful an AGN is by observing how much warm dust is present. 
So, it’s important that we can separate the two processes when we 
are observing a galaxy far away. 

My current research is focused on studying large numbers of 
AGN living in star-forming galaxies to find a reliable way to de-
tangle these processes. Astronomers can use these results to get us 
a step closer in understanding how soon after an AGN ignites are 
the effects most powerful on the galaxy, and at which “point of no 
return” can a galaxy be officially diagnosed as dying. 

ARIANNA BROWN is a graduate student in Physics at UC Irvine. Born and raised in Maryland, she 
got her B.S. in Mathematics at Towson University, MD and her M.S. in Physics at CSU Los Angeles. She 
loves all things astronomy and space culture, and enjoys sharing her passion for science with under-
represented communities. In her spare time, she reads fantasy/science fiction, makes her own pick-
les, and watches her dog Charlie dig giant holes in the sand at the beach. You can follow Arianna on 
Twitter and Instagram (@astroarianna).

An artist’s impression of a supermassive black hole with accretion disk and jet [NASA/JPL-Caltech]

https://twitter.com/astroarianna/
https://www.instagram.com/astroarianna/
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astronomer’s notebook

by Jennifer BirrielDark Matter... Or Something Else?
Despite decades of searching for dark matter, we’ve come up empty handed. So, what is the alternative?

In the current cosmological model, gravity is described by general 
relativity, but the Universe itself is only five percent ordinary, or 
baryonic, matter. The other ninety five percent of the Universe is 

made of dark matter and dark energy, both of which are so funda-
mentally different from ordinary matter and energy that they qualify 
as “mysterious.” Dark matter, which was first proposed in the 1930s, 
constitutes one quarter of the universe.  

So, what is dark matter? The mundane candidates are brown and 
red dwarfs with low luminosity. However, the observational evi-
dence suggests that these contribute only a negligible fraction of 
dark matter to the Universe. The primary candidates for dark mat-
ter are particles that interact only weakly with ordinary matter—
so-called weakly-interacting massive particles, or WIMPs. WIMPs 
interact gravitationally but are unaffected by electromagnetic and 
nuclear forces. Whatever they are, WIMPs are very different from 
ordinary matter. 

Because they interact so weakly with matter, searching for WIMPs 
is a complicated affair. Most experiments rely on the detection of 
annihilation radiation from dark matter particles interacting with 
normal matter. Decades of such experiments have failed to detect 
any dark matter particles. So, the only “evidence” for dark matter is 
gravitational—the very reason it was postulated in the first place!  

Relativistic astrophysicist Gustavo Romero reminds us that dark 

matter is not a scientific fact, but rather a hypothesis.  He argues 
that the dark matter bears an uncanny resemblance to abandoned 
hypotheses like “phlogiston” and “aether” in that “we are explaining 
something unknown by something that is even more unknown.”   
He also points out that any newly postulated physical law or phe-

The phenomenon of gravitational lensing (as shown by the distrorted galaxies in this Hubble observa-
tion) can be used to indirectly measure the quantities of dark matter inside galactic clusters—but 
what if something else is going on? [NASA/ESA]

http://www.astronomiaargentina.org.ar/b58/2016baaa...58...3R.pdf
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nomenon should be overwhelmingly supported by experimental 
evidence, which is clearly not the case for dark matter. Employing 
Ockham’s Razor, Romero suggests that we should be looking to 
explain the phenomena attributed to dark matter only by exploring 
modified gravity, and there are already several such proposals.

  Modified Newtonian dynamics (MOND) was first proposed by 
Milgrom. MOND theory postulates that Newton’s second law, F=ma, 
does not hold at the low accelerations, approximately 10-10 m/s2, 
observed in the outer regions of galaxies. Milgrom proposed that 
F=mµa where µ is a function of the ratio of a particle’s acceleration 
and a new constant ao = 1.2 x 10-10 m/s2; when the acceleration 
is much greater than ao, µ is equal to 1 but approaches a/ao when 
accelerations are much less than ao. MOND predicts that an asymp-

totic orbital velocity, v4=MGao where M is the mass of the galaxy and 
G is Newton’s gravitational constant. This velocity is consistent with 
the Tully-Fisher luminosity-velocity relationship for spiral galaxies. 
While MOND can reproduce flat rotation curves in galaxies without 
dark matter, it does not work for galaxy clusters. 

Modified Newtonian gravity (or MONG) proposes a similar type 
of modification to Newton’s universal law of gravity.  Specifically, 
MOND proposes F=(GM/r2)f.  Here f=r/ro  with ro being a funda-
mental scale of distance on the order of several kiloparsecs.  If r is 
much less than ro then f is equal to 1 and we get back to Newton’s 
original law.  This law produces a velocity in the outskirts of a gal-
axy given by v2=GM/ro, which is inconsistent with the Tully-Fisher 
relationship.  MOND can also reproduce the flat rotation curves of 
individual galaxies but its failure to reproduce the Tully-Fisher (TF) 
relationship and the rotation curves of galactic clusters makes it dif-
ficult to accept as a serious contender.  In a recent paper, Luis Acedo 
re-examines MOND and proposes a more complex modification of 
Newtonian gravity in order to reconcile MOND with the TF relation-
ship and he has some success.

There are also relativistic MOND theories. Such theories are impor-
tant because MOND without relativity cannot explain gravitational 
lensing by extragalactic systems. One such version is the tensor-
vector-scalar (TeVeS) theory developed in 2004 by Bekenstein.  
TeVeS explains both galaxy rotation curves and extragalactic cluster 
dynamics. Romero suggests the TeVeS and similar theories can be 
tested in the regime where they would differ from general relativity: 
in regions where gravity is strong such as black holes and neutron 
stars. 

JENNIFER BIRRIEL is Professor of Physics in the Department of Mathematics & Physics at Morehead 
State University in Kentucky.A simulation depicting the large-scale distribution of dark matter [MPIA]

http://www.mdpi.com/2075-4434/5/4/74
http://icc.dur.ac.uk/~tt/Lectures/Galaxies/TeX/lec/node82.html
http://www.mdpi.com/2075-4434/5/4/74 
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armchair astrophysics

by Christopher WanjekBlack Holes Grow Faster (And Slower) Than Assumed
With black holes, it seems that the rich get richer and the poor get poorer.

The meek may inherit the Earth but not the galaxy. New obser-
vations reveal that supermassive black holes in the cores of 
bigger galaxies are more aggressive and grow larger at a dis-

proportionally faster rate compared to their counterparts in smaller 
galaxies.

Astronomers have long assumed a sort of equality—that a super-
massive black hole’s growth rate is correlated with the growth rate of 
stars in its host galaxy at a ratio approximately constant for all galax-
ies. This made sense because stars and gas feed the black hole. Black 
holes with, say, twice the available food would eat twice as much, 
but not four times as much.

This was a bad assumption, however. Independent sets of obser-
vations of some of the brightest galaxies in the sky have revealed 
that supermassive black holes in the more massive galaxies are able 
to eat more greedily and grow more efficiently. This stunning revela-
tion means that many supermassive black hole masses are off by 
a factor of 10 or more. Some are larger than we thought; some are 
smaller.

The observations relied primarily on the NASA Chandra X-ray 
Observatory with supporting data from Hubble and numerous radio 
telescopes. The radio and X-ray observations were key because 
supermassive black holes often are shrouded by gas and dust in 
galaxy cores, which blocks most other forms of light. 

While it’s true that black holes themselves don’t emit light, the 
region around them does. This is the light from gas heated to 
extreme temperatures under the force of crushing gravity as it swirls 
around a black hole. 

In one set of observations, a team led by Penn State’s Neil Brandt 
and graduate student Guang Yang studied the growth rate of doz-
ens of supermassive black holes at distances of 4.3 to 12.2 billion 

Artist’s impression of a black hole feeding on a bright accretion disk [ESO/M. Kornmesser]
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light years from Earth. They found that the ratio between the growth 
rates of black holes and stars was not at all consistent. For galaxies 
with 100 billion solar masses worth of stars, the ratio is about ten 
times higher than it is for galaxies with 10 billion solar masses worth 
of stars.

Another team—led by Mar Mezcua of the Institute of Space 
Sciences in Spain and J. Hlavacek-Larrondo of the University of 
Montreal—observed the brightest galaxies in 72 galaxy clusters at 
distances ranging up to about 3.5 billion light years. They found that 
the black hole masses were about ten times larger than assumed 
with the ratio “guesstimation” technique.

They also found that half of these black holes may exceed 10 bil-
lion solar masses, which would move them from the realm of super-
massive towards the classification of ultramassive.  (Astronomers do 
like their superlatives.)  More than mere nomenclature, ultramassive 
black holes are close to their theoretical growth limit of about 50 

billion solar masses. Black hole growth will slow as its accretion disk 
becomes too large and unstable, creating outward forces that push 
away gas and lead to the creation of stars, altering the galaxy’s com-
position.

For black holes to be as massive as they are in the larger, brighter 
galaxies, Mezcua speculates that maybe “black holes did not grow in 
tandem with their host galaxies but that they formed first, in a first 
phase, and the galaxy grew later, in a second phase.”

The good news is that astronomers can now more accurately 
“predict the average black hole mass at given galaxy stellar mass,” 
Yang said.  “The predictions can be tested in the future with more 
advanced telescopes,” which will help scientists piece together the 
evolution of galaxies through the ages.

CHRISTOPHER WANJEK is a freelance writer based in Baltimore still looking for a pot of gold.

Powerful jets of gas are ejected from the active supermassive black hole feeding in the center of Hercules A, an elliptical galaxy [NASA/ESA/RIT/NRAO/AUI/NSF/STScI/AURA]
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education matters

by Brian KruseA Tenth of a Pixel
A voyage beyond and a chance to look back and reflect.

Imagine, though it is probably not difficult for readers of this col-
umn, what it is like to gather with over 1,200 fellow science edu-
cators to celebrate one of the greatest achievements of modern 

exploration. This very thing took place during the recent National 
Science Teachers Association (NSTA) National Conference on Science 
Education. Treated to pizza and assorted beverages, courtesy of the 
Howard Hughes Medical Institute (HHMI) we watched a screening of 
“The Farthest,” a feature-length film about the Voyager missions. The 
film details the planning and execution of the mission, and features 
interviews with many of the personalities involved in both the sci-
ence and the engineering. Following the film, four members of the 
Voyager team were on hand to answer questions and share their 
personal stories.

Launched in 1977, the spacecraft embarked on an ambitious mis-
sion to the outer solar system. Voyager 1 continues to return data 
from beyond the heliopause, investigating the nature of interstellar 
space.  Second to launch, it took a faster trajectory, flying by Jupiter 
then Saturn, before its twin Voyager 2 arrived, even though the lat-
ter was launched first. Voyager 2’s path, though slightly slower, was 
planned to take advantage of an alignment of the outer planets so 
its path would take it on a so-called grand tour of all four gas giants. 
Twelve years and five days after launch, Voyager 2 finished the grand 
tour, as it made its closest pass of Neptune. Voyager 1 is now approx-

imately 141 AU from Earth, and Voyager 2 lags behind at about 117 
AU.  

While the science returned from the Voyager mission was without 
parallel until the Cassini mission orbited Saturn, and new probes 
such as Juno at Jupiter, the most momentous moment may have 
taken place in 1990, at the time when they were preparing to turn 
off the visual camera on Voyager 1.  Carl Sagan advocated for turn-
ing the camera back towards the inner solar system, to record the 
view from whence the probes came. Some considered it a stunt, 

From 6 billion kilometers away, the Earth looks like a tiny speck to the Voyager 1 spacecraft [NASA]

http://www.pbs.org/the-farthest/home/
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with no scientific rationale for creating such a photo-
graph. Afterwards, it became one of the most conse-
quential photographs ever taken. The Earth, barely a 
tenth of a pixel wide, in the midst of a beam of sunlight. 
Sagan was able to put the image into context, to put 
that “pale dot” into its place in the greater cosmos. In 
Sagan’s own words: 

Look again at that dot. That’s here. That’s home. 
That’s us. On it everyone you love, everyone you know, 
everyone you ever heard of, every human being who 
ever was, lived out their lives …

It has been said that astronomy is a humbling and 
character-building experience. There is perhaps no bet-
ter demonstration of the folly of human conceits than 
this distant image of our tiny world. To me, it underscores 
our responsibility to deal more kindly with one another, and to pre-
serve and cherish the pale blue dot, the only home we’ve ever known.  
                                                                                                 —Carl Sagan, Pale Blue Dot, 1994.

Looking at the Voyager missions, I ponder how we can take the 
lessons of the pale dot to heart. The concerns of the day seem to 
push aside the inspirations that still take place, or perhaps we take 
them for granted, and have become complacent given how in many 
ways we are living what was science fiction at the times the Voyagers 
launched. Complacent to the point where it becomes acceptable to 
cut funding for the very educational and outreach programs which 
made it possible for the Voyagers and other missions to inspire us 
to something greater. To their credit, the current Congress in their 
recent omnibus funding measure restored much of the education 
funding slated for slashing. Equally as concerning is the decreased 

funding, and reliance on the supporting science, for programs to 
understand and care for our planet. Without that understanding, 
and the educational programs designed to sustain a continuation 
of good science into the future, what we have built may come to 
naught.

What are we willing to do to inspire people, while working on 
the programs that continue to explore and discover our place in 
the larger ecosystem of the cosmos? The synergy between science 
and education served to develop the explorers of the past.  We now 
look to that same synergy to take us into the future, to continue to 
expand our imagination, and our reach, beyond that fraction of a 
pixel. 

BRIAN KRUSE manages the formal education programs at the ASP and is the Director for Region F 
of the National Science Education Leadership Association.

In February 1990, Voyager 1 captured a “family portrait” mosaic of the planets of the solar system from beyond the orbit of 
Neptune [NASA]

http://www.planetary.org/multimedia/space-images/earth/the-pale-blue-dot-of-earth.html
http://www.planetary.org/explore/space-topics/earth/pale-blue-dot.html
http://www.planetary.org/explore/space-topics/earth/pale-blue-dot.html
http://www.planetary.org/blogs/casey-dreier/2018/20180322-fy18-omnibus.html
http://www.planetary.org/blogs/casey-dreier/2018/20180322-fy18-omnibus.html
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a little learning

by C. Renee JamesWho Knew?
Getting to know your students—and yourself—with the one-minute paper.

“I never knew…
…how far apart things are in the solar system;
…that things other than the Sun rise and set;
…that the days of the week are related to solar system objects;
…that science isn’t just a pile of facts;
…that the Moon always shows us the same face;
…that the signs of the zodiac are related to astronomy;
…what the difference between a law and a theory is;
…that Shakespeare characters were used for solar system objects;
…that the Sun rotated…”

These are just a few of the epiphanies reported by my students 
over the years in my introductory astronomy classes for non-science 
majors. They don’t tell me this stuff in person. I mean, really, how 
mortifying would it be do admit to your professor that you’ve made 
it into adulthood without knowing some basic fact about the world 
around you? Instead they tell me semi-anonymously in their one-
minute papers, brief and candid impressions of the day’s class. 

I honestly have no recollection where I got the idea to use one-
minute papers, but I know it was not my own. I suspect I heard 
about them in the late 90s, probably from one of the small confer-
ence sessions devoted to the then-emerging field of astronomy 
education research, a field that has subsequently inflated like the 

early universe did after 10-36 seconds. Whatever their source, I’ve 
been using one-minute papers consistently in every class for two 
decades because I find this insight into my students’ thoughts to be 
immeasurably valuable. In the standard one-minute paper (a.k.a. 
the “Harvard One-Minute Paper,” a.k.a. the minute paper), instruc-
tors ask students a leading question such as “What was the most 
important thing you learned in today’s class?” or “What questions do 
you have that remain unanswered?” or “What is the muddiest point 
from today?” Students are allowed a minute or two—often at the 
end of class—to address the question. Their responses then give the 
instructor some idea about what is working or not working in class. 
Some instructors even allow anonymous submissions, giving stu-
dents the freedom to be brutally honest. 

In my own classes, one-minute papers are a bit less structured. 
Students can comment on any of the standard questions, or they 
can tell me what activity led to a conceptual breakthrough (e.g., “I 
was really struggling with parallax until we did the lecture tutorial in 
our groups.”). Alternatively, they can give me candid feedback about 
their group members (e.g., “I swear if the person next to me asks for 
the answers one more time without even trying, I’m going to get 
into my first fight.”). And sometimes they just report general feelings 
about life (e.g., “I took a Benadryl this morning and can’t even think 
straight, so I have no idea what we did.”).
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The truly inspired student will give me a 
one-minute paper with multiple elements. 
Occasionally, struck by confusion over a topic, 
a student will begin a one-minute paper 
half-way through class with a question, only 
to scratch it out later in the class with a little 
note that says essentially, “Never mind. The 
activity cleared that up.” 

Although I don’t allow anonymous sub-
missions (I use one-minute papers for atten-
dance purposes), I let the students know 
that I skim through 200 of these, completely 
ignoring the names associated with the com-
ments. I also explain that there is no penalty 
for bad grammar, misspellings, or even the 
use of profanity. Heck, they don’t even have 
to use words. Sometimes students just draw 
a picture related to the topic. Some are truly cringe-worthy, like this 
planet press conference (pictured above).

Others take on a life of their own. One semester, a student began 
a comic strip featuring a penguin trying to cope with the day’s mate-
rial. The penguin complained of a 6-month-long day at the South 
Pole while waiting to use its new telescope, and later in the semester 
it was bobsledding down a blackbody curve. The penguin comic 
eventually became quite the saga, and I know that it must have 
taken far more than the requisite minute or two each class to create. 
The grand finale featured a penguin party at the edge of the uni-
verse (this after finding out that the universe has no edge).

Sometimes, their pictures are completely unrelated to the topic—
a phenomenal free-hand color rendering of some anime character, 
for instance. But that’s okay. I love seeing the collective stream-of-

consciousness from my students. I use their 
questions and comments (and even their 
sketches) to guide the next class, and I spend 
a few minutes at the beginning of each class 
going over a slide with the main concerns 
from the previous class. Mostly I make gener-
alizations, such as, “Lots of your one minute 
papers indicated a need to get some clarifica-
tion with Wien’s Law.” Occasionally, though, 
I’ll feature a specific one-minute paper that 
catches my attention, usually something that 
makes me laugh out loud. The planet press 
conference was given that honor, as was 
this god awful pun: “I wash my clothes with 
spring tide and fold them nice and neap.”

Then there are the one-minute papers con-
veying how deeply betrayed the students feel 

by their previous science education. “I had a science teacher tell me 
that the atmosphere caused the magnetic field!” And, “Black holes 
are nothing like my teachers told me!” 

If enough of this feeling accumulates, students can become bor-
derline nihilistic: “My whole life is a lie.” 

And then depression hits: “I am so small and insignificant.” 
After a few rounds of these, I will wax eloquent about the wonder 

of human consciousness and perception, explaining that we can 
hold the concept of a galaxy in our tiny little heads, but those enor-
mous galaxies cannot begin to comprehend us. “Small, yes,” I say. 
“But you should never confuse small with insignificant.”

Knowing that I’m skimming through 200 of these each class day, 
students will occasionally toss in fun little challenges, like “What time 
does the narwhal bacon?” (Duh... the narwhal bacons at midnight.) 

http://knowyourmeme.com/memes/the-narwhal-bacons-at-midnight
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They also appeal to my more charitable 
side. “My greatest wish is to show up on 
your one-minute paper slide.” Feeling 
briefly magical, I include their wish on 
the next one-minute paper slide and 
say, “Wish granted!”

I have found that this is, in fact, not 
their greatest wish. 

Then there is the perennial ques-
tion, “Do you actually read all these?” 
I actually do. I use these to gauge 
their self-reported understanding and 
impression of each new subject. Very 
often, a student will tell me what spe-
cifically triggered an “aha!” moment, or let me know that some lucid 
illustration was not all that lucid. I use this information to tailor not 
just the next class meeting, but also subsequent semesters. I’ve 
dropped, adopted, and tweaked portions of my curriculum based on 
the feedback I get from students in their one-minute papers. Along 
the way, I get to know a bit about their personalities, something that 
is not always easy to do in a large lecture hall.

But I have to admit that what I love seeing most of all—even more 
than the penguins—are the epiphanies, the one-minute papers 
from students who have had the scales fall from their eyes. These 
are students who quite literally have never noticed or even thought 
about something obvious, like whether the Moon rises and sets. 
Often they have a double epiphany. One epiphany is learning the 
new fact, but another is realizing that they’ve made it so far in life 
without once considering it. This self-realization makes them won-
der what else they might have been missing out on, and I like to 
believe that my class prompts them to pay a bit more attention to 

the world beyond their smartphones. 
The one-minute papers from the end of 
the semester seem to indicate that this 
is true for at least some students:

“I have like 16 new things on my bucket 
list because of this class.”

“SUPERCOOL STAR CODE!!!! It’s amaz-
ing how much we can gain from just 
small black lines on a rainbow.”

“I’M LEARNING!!!” 
“Never did I know how stars were 

made, why some are brighter than others, 
and their life flow chart. So happy I’m 
leaving this class with cool stuff I can use 

to explain stars to other people.”
My all-time favorite, though, remains thumb tacked to my office 

wall as a perpetual reminder of why I do what I do: “I think my favor-
ite part of this class is that everything starts out as traxoline*, but with 
a few little nudges in the right direction, we can all unravel the great 
mysteries of astronomy. It’s really liberating to actually gain an under-
standing of a subject, even if it is a bit of a struggle.”

And, really, isn’t that the whole point of education? 

*Traxoline is the code word for “complete confusion,” and it was unapologetically stolen from a 
presentation by NASA’s Center for Astronomy Education a long, long time ago in a galaxy far, far away.

DR. C. RENEE JAMES is a science writer and professor of physics at Sam Houston State University, 
where she has taught introductory astronomy since 1999. She is the author of two books, “Seven 
Wonders of the Universe That You Probably Took for Granted” (2010) and “Science Unshackled” 
(2014), plus dozens of popular astronomy articles.

https://www.amazon.com/Seven-Wonders-Universe-Probably-Granted/dp/080189798X
https://www.amazon.com/Seven-Wonders-Universe-Probably-Granted/dp/080189798X
https://www.amazon.com/dp/B00MABNA1S/ref=dp-kindle-redirect?_encoding=UTF8&btkr=1
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Jupiter’s Cyclone Carousel 

NASA’s Juno mission has revealed that Jupiter’s 
poles feature rings of gigantic cyclones spin-
ning in formation. Each of these cyclones is 

enormous in its own right—easily big enough to 
span the Atlantic Ocean—and somehow they all 
manage to avoid merging with their respective 
neighbors via some as yet unknown process.

The image here was is made of data acquired by 
the Jovian Infrared Auroral Mapper (JIRAM) instru-
ment aboard the Juno spacecraft, now over a year 
and a half into its mission in orbit around Jupiter. 
It shows an infrared-wavelength view of Jupiter’s 
north pole, over which a single cyclonic storm 
rotates with eight separate, distinct cyclones sur-
rounding it.

At Jupiter’s south pole a similar central cyclone 
was observed with five separate storms spinning 
around it.

“Each one of the northern cyclones is almost 
as wide as the distance between Naples, Italy and 
New York City—and the southern ones are even 
larger than that,” said Alberto Adriani, Juno co-in-
vestigator from the Institute for Space Astrophysics 
and Planetology in Rome. ”They have very violent 
winds, reaching, in some cases, speeds as great as 
220 mph (350 kph). Finally, and perhaps most re-
markably, they are very close together and endur-
ing. There is nothing else like it that we know of in 
the solar system.”

Thanks to Juno and its high-inclination polar or-
bit we are learning more about Jupiter’s exotic polar 
regions than ever before possible!

cosmic views
By Jason Major

Credit: NASA/JPL-Caltech/SwRI/ASI/INAF/JIRAM
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Opportunity’s First “Selfie” 

This past February, after 14 years on Mars, NASA’s 
Opportunity rover turned its arm-mounted camera 
to take a look at itself, giving us the very first robot 

arm “selfie” of the Mars Exploration Rover mission.
This picture comprises 17 separate images captured 

by Opportunity’s Microscopic Imager on Feb. 15, 2018. 
It’s no coincidence that the photo shoot was planned on 
that particular day either; the date marked the rover’s 
5,000th sol in operation.  

As the original images were captured with Opportu-
nity’s Microscopic Imager and down-sampled, they re-
ally aren’t all that detailed. But you can obviously make 
out the structures of the rover, from its mast-mounted 
“head” to its flat solar array “wings” and even a bit of its 
front left wheel assembly there, and even its low-gain 
and high-gain antennas near the back.

I smoothed out the edges between the individual 
frames of the composite and added color to make it look 
more “Mars-like.”

Now in its 15th year on Mars Opportunity is still run-
ning well and exploring, looking for evidence of ancient 
water environments within Endeavour Crater in the Me-
ridiani Planum region. Opportunity has driven a little 
over 28.02 miles (45.1 km) since it landed in January of 
2004 for what was originally planned as a 90-sol mis-
sion.

JASON MAJOR is a graphic designer and space 

enthusiast living in Rhode Island. He has written 

online articles for Discovery, National Geographic, 

Universe Today, and has had processed images fea-

tured by The Atlantic, Astronomy Magazine, 

Science Channel, and NASA. You can find more of 

his work at  LightsInTheDark.com. Credit: NASA/JPL-Caltech/Jason Major

https://www.LightsInTheDark.com
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Above It All
High-altitude balloons are a cheaper alternative to 
launching instruments into space, but they have 
their challenges.

By Steve Murray

This is the view from an ascending balloon mission, where astronomical studies can 
be carried out above 99.5 percent of the Earth’s obscuring atmosphere [NASA]
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Earth’s atmosphere is rarely a friend to astronomers. 
The Primordial Inflation Polarization Explorer (PIPER) maps 

the entire sky for polarization patterns that could confirm infla-
tion in the very early universe, but the atmosphere interferes with 
the weak signals that PIPER scientists are searching for.

The Super Trans-Iron Galactic Element Recorder (SuperTIGER) 
measures ultra-heavy cosmic ray nuclei to answer fundamental 
questions about the processes that generate them, but cosmic rays 
interact with atoms and molecules when they enter the atmosphere. 

While many scientists rely on rocket-launched space probes to 
solve this problem, researchers for PIPER, SuperTIGER and other 
experiments have chosen high-performance balloons as a less 
expensive, less complex, and more expeditious route to the edge of 
space.  Scientific balloons fill an important niche between ground-
based observatories and full-on space missions and, as their capa-
bilities improve, other science communities are beginning to pay 
attention.

“Almost Space”
Balloon systems carry science payloads of over 5,000 pounds (2,270 
kilograms) to altitudes of 120,000 feet (36.6 kilometers) or better—
above 99.5 percent of the atmosphere—and they can stay up for 
weeks with instruments that study the cosmos from gamma rays 
through infrared (IR) wavelengths. Balloons also make life simpler 
for design engineers, compared to the preparations required for 
space missions. Instruments don’t have to fit into rocket nose cones, 
for example, and their trip aloft is much gentler. Payloads can be 
prepped and launched in as little as six months, compared to the 
years needed to flight-qualify space hardware. And most payloads 
are safely returned to earth after their missions are complete, where 
they can be refurbished, upgraded, and flown again.

Although balloon programs are operated by many nations around 
the world, NASA runs one of the largest. The NASA Balloon Program 
Office is based at Wallops Island, Virginia, where it supports 10 to 15 
flights each year. “We have a standard set of four zero-pressure bal-
loon types,” says Debbie Fairbrother, program office chief, “starting 
at 4 million cubic feet (113,300 cubic meters) and running up to 39 
million cubic feet (1,104,000 cubic meters). These cover the majority 
of our missions.”

Zero-pressure balloons are used for most conventional payloads. 
They’re open at the bottom and are only partially filled with helium 
at launch. They expand as they climb to their designed float altitude, 
where they’re at equilibrium with the surrounding air density. Zero-
pressure balloons can carry large payloads, but when their gas cools 
after the sun sets, they can descend 30 to 50,000 feet (9 to 15 km). 

An artist’s impression of the Balloon Experimental Twin Telescope for Infrared Interferometry (BETTII), 
an example of a super-pressure balloon [NASA]
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Maintaining a consistent altitude over a multi-day mission means 
shedding 6 to 8 percent of their mass each day as ballast, which lim-
its their flight duration. Launches from Antarctica are the exception 
because the sun shines continuously during polar summers; ballast 
needs are minimal and long flights are possible.

In contrast, super-pressure balloons are completely sealed. Day-
night heating changes affect the balloon’s internal pressure but not 
its volume, so it can float at the same density altitude throughout its 
mission. Super-pressure balloons typically carry lighter payloads at 
lower altitudes, but can offer the long durations required for some 
instruments. 

NASA provides researchers with the balloon and the helium, and 
operational support that includes integration, launch, recovery, 
tracking, and telemetry. During flight preparation, NASA also offers 
technical guidance and historical “lessons learned” about how to 
build up their instruments and support equipment into a payload. 
The agency has additional resources, such as tracking and pointing 
systems, but these are usually provided to researchers on a fee basis.

Vagabond Science
The Columbia Scientific Balloon Facility (CSBF) is NASA’s main US 
launch site. It’s located in Palestine, Texas with an outlying site in Ft. 
Sumner, New Mexico. Short duration missions, with about an 8-hour 
“float,” can be launched from Palestine, but as cities like Dallas and 
Houston have grown, safe flight corridors have narrowed. The major-
ity of current flights are therefore launched from Ft. Sumner, where 
prevailing winds carry payloads over more sparsely-populated ter-
rain. 

A NASA site at McMurdo Station in Antarctica is operated through 
the National Science Foundation (NSF). Launches here can stay aloft 
for a long time by taking advantage of winds that rotate around the 
South Pole. NASA can also access launch sites in other countries, 
depending on the latitudes and winds required by certain missions.  
“We go to the Swedish Space Agency’s European Space Range 
(ESRANGE), for example,” says Fairbrother, “and use their facilities 
outside of Kiruna. In New Zealand, we’ve been leasing a hangar at 
Queenstown Airport and a launch pad at the Wanaka Airport. We 

Panorama of NASA Super-Pressure Balloon test from Wanaka, New Zealand [NASA Balloon Program Office]
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also have a launch facility in Alice Springs, Australia, although we 
haven’t been there for several years.” 

The balloon launch season follows a set pattern that begins in 
Palestine in late May, when winds blow to the west over unpopu-
lated areas of Texas and Arizona. In mid-August, launch crews move 
to Ft. Sumner where flights can be safely terminated over Arizona. 
By late September, winds offer an interlude of slow speeds as they 
change direction, which allows balloons to linger near the launch 
site (and in radio contact) for 24 hours or more—a very desirable 
period for some science teams. When eastward winds pick up again 
by early October, launch crews move south to Antarctica and get 
ready for the December to February season at the South Pole. While 
some missions may also launch from Sweden or New Zealand in 
early spring, crews are back in Texas in May.

Looking to Confirm Inflation
The Primordial Inflation Polarization Explorer (PIPER) is a super-
cooled telescope designed to detect faint remnants of heat radia-
tion from the Big Bang.  If, in fact, inflation describes the behavior of 
the very early universe, gravitational waves from this period should 
have left signatures in the form of unique polarization patterns in 
the cosmic microwave background (CMB). Al Kogut, of the NASA 
Goddard Space Flight Center (GSFC) is the principal investigator for 
the multi-institution project.  “The search for this inflationary signal 
is one of the top goals in cosmology,” says Kogut, “because it’s telling 
us something about the start of space and time. The inflationary sig-
nal is coming from quantum mechanical gravity waves, so if we see 
it, it’s also direct observational evidence that gravity obeys quantum 
mechanics.”  

PIPER will map the entire sky at four different frequencies to dis-
tinguish between polarization due to very early gravitational waves 

and polarization due to interstellar dust. “Dust in our galaxy is at 
least 10 times brighter than the inflationary signal we’re looking for,” 
says Kogut, “and it could be hundreds of times brighter, so we mea-
sure the signal from galactic dust and subtract it out. The way you 
do that is by taking measurements at different wavelengths because 
the dust gets brighter at shorter wavelengths.”

To achieve the required sensitivity, the telescope flies while 
immersed in a bucket of liquid helium the size of a hot tub that 
keeps its sensors close to absolute zero. PIPER missions need about 
10 to 12 hours aloft for good data collection, so the team is up 
all night when the payload flies—and the team welcomes all the 
altitude that the balloon can give them. “The atmosphere generates 
noise,” says Kogut, “and we’re looking at very faint signals. The higher 
you are, the closer you are to having no atmospheric signal. The 
PIPER payload weighs 6,000 pounds (2,700 kg), however, so 120,000 
feet (36.6 km) turns out to be as high as you can go with it.”

Nine years of observations by NASA’s Wilkinson Microwave Anisotropy Probe (WMAP) created this 
map of slight variations in temperature (anisotropies) in the CMB. By studying the slight polarization 
differences in this signal, balloon missions like PIPER could reveal new insights to the physics of the 
early universe [NASA/WMAP Science Team]
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PIPER researchers are expecting a busy balloon season; the tele-
scope was launched once in late 2017 and is slated for three more 
flights in the summer and fall of 2018.

Looking for Cosmic Rays
The Super Trans-Iron Galactic Element Recorder (SuperTIGER) experi-
ment measures rare heavy nuclei to better understand the origin of 
high-energy cosmic rays. During fusion, stars generate elements in 
their cores of increasing atomic number up to iron and then explode 
as supernovae. These violent events create a flood of neutrons that 
can yield new elements heavier than iron, and provide the energy to 
hurl these particles away as cosmic rays.  Research suggests, how-
ever, that some or all of these neutron-rich particles are produced by 
neutron star mergers rather than supernovae. Measuring the distri-
bution of high atomic number rays could resolve the issue.

Robert Binns, Research Professor of Physics at Washington 
University in Saint Louis, is the principal investigator for the proj-
ect, a multi-institution collaboration that includes NASA. He’s 
worked with Brian Rauch, Research Assistant Professor of Physics at 
Washington University, and a SuperTIGER collaborator since its earli-
est days. “We’re studying heavy cosmic rays,” says Binns, “which can 
interact with the atmosphere, so we need to get up as close to the 
top of the atmosphere as we possibly can.” 

When cosmic rays enter the Earth’s atmosphere, they collide with 
molecules (primarily oxygen and nitrogen) and break into smaller 
particles. “We look to get close to 130,000 feet (39.6 km),” adds Brian 
Rauch. “That last 10,000 feet (3 km) makes a big difference in the 
cosmic ray flux we see.”

SuperTIGER needs long flights, as well. Over 98 percent of cosmic 
ray particles are hydrogen nuclei, helium nuclei, protons and elec-

SuperTIGER is inflated and launched from McMurdo Station in Antarctica to take advantage of the winds that rotate around the South Pole [Ryan Murphy, Washington University in St. Louis]
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trons.  The team is looking for the heaviest and rarest particles in 
the slim remainder of this distribution, so more flight time means 
more data. “We need long durations for this experiment,” says Binns, 
and “The circular wind patterns in Antarctica are the best way to get 
them.”

The Antarctic vortex is a prevailing low pressure zone that rotates 
counter clockwise around the South Pole during the Antarctic sum-
mer. The wind pattern ranges about 1,200 miles (2,000 km) from the 
pole, extends up to the stratosphere, and provides a stable pattern 
that can confine a balloon within it.  “When we flew in 2012,” says 
Binns, “we got 55 days at float altitude, which is still a record for a 
heavy payload zero-pressure balloon. We don’t use super-pressure 
balloons because they won’t handle the 6,000 pound (2,720 kg) 
weight of our payload. Even if they did, they don’t go high enough 
for us.”

The brief summer season at McMurdo gives a special urgency to 
data collection, as payload recovery might not happen. Although 
the SuperTIGER instrument carries onboard data storage drives, the 
team relies strongly on real-time telemetry systems. “The reason 
it’s important to get as much telemetry data down as we can,” says 
Binns, “is because quite often these payloads are not recovered in 
the year that they fly. You never know if recovery crews will be able 
to get out to where the payload comes down and retrieve the data 
disks.  I’d say it’s a 50-50 proposition.” 

Antarctica is a big place. Fickle weather and distances to a balloon 
termination site can force recovery crews to wait for better condi-
tions. Researchers could have to wait a year or more to get their 
payload and data.  “If your flight terminates near the end of January, 
there’s virtually no possibility for a recovery that season unless it 
happens to come down very, very close to McMurdo,” says Binns. ”In 
2012, our flight came down something like 1,000 miles (1,600 km) 
from the station!”  

Things Happen
Although delays and failures happen with most research programs, 
scientific ballooning can present some unique challenges. They’re 
rarely as serious or costly as a failed rocket launch, but they’re no less 
frustrating to the scientists who experience them.

“We’re looking for a total of eight science flights for PIPER over the 
next several years,” says Kogut, “which could be an aggressive launch 
schedule. It depends on how lucky we are with landings and launch 
conditions. The balloons we’re using are extremely large—about the 
size of a football stadium—and they take an hour or more to inflate, 
so you need dead flat calm during that process. Sometimes the 
winds start blowing, though, and they don’t stop for a month.

“The last couple of seasons, we haven’t had much success getting 
A SuperTIGER hang test is carried out despite the inclement Antarctica weather [Ryan Murphy, 
Washington University in St. Louis]
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payloads off the ground. The weather has not been cooperating 
with us. A bunch of payloads, including ours, sat around for about a 
month and then had to go back home without flying.”

SuperTIGER had an especially bad season last year, and never got 
the conditions needed to launch from McMurdo. “You need winds to 
be within a certain velocity range,” says Rauch. “You need a vertical 
profile of winds, and you need them to stay stable over a couple of 
hours. We went out 16 times to check on conditions. Winds would 
keep changing direction. We started like December 8th or 9th, and 
we continued to mid-January before they called it.” 

”I don’t think there’s ever been a season this bad,” adds Binns. “To 
my knowledge, there’s never been a year where there wasn’t a single 
launch opportunity—until now.”

SuperTIGER is currently stored in a payload building at McMurdo 
Station, waiting for another season to fly, but that opportunity isn’t 
guaranteed. “We’re expecting company,” says Rauch. “We’re not the 
only payload down there.” NASA will conduct a new annual selection 
cycle and the team doesn’t know yet how that will turn out. “At least 
we have squatters’ rights,” says Binns.

Thinner and Higher
Balloon technology is continually evolving to meet the increased 
performance demands of scientists. “I have scientists who want to fly 
even higher than we can currently go,” says Fairbrother, “so we’re also 
testing a zero-pressure balloon that’s called the ‘Big 60.’ It’s made of 
extremely thin film and I think we could get close to 158,000 feet (48 
km) with it. When I mention it at meetings, some of the scientists’ 
eyes bug out.

“We’re also testing a new 18.8 million cubic foot (532,500 cubic 
meter) super-pressure balloon that’s slated to fill a mid-range ‘sweet 
spot’ that the science community wants: a 5,000 pound (2,270 kg) 

payload carried at 110,000 feet. We’ve flown it four times now.”
Progress like this is also attracting new astronomers, interested in 

space access alternatives for their own research needs. “Our plan-
etary work is coming along,” says Fairbrother. “The NASA Planetary 
Division is typically focused on spacecraft and hasn’t realized the 
capability that balloon platforms offer. You can get some long 
observation times on a planetary body at such a lower cost that you 
would on a spacecraft. So they’re interested and they’re watching.”  

A 1912 balloon flight to study radiation climbed to only 16,000 
feet (4.9 km), but it was enough to give science its first evidence of 
cosmic rays. Since then, balloons have carried many more instru-
ments to 10 times that altitude, enabling new studies at the edge of 
space. It’s been a productive century.   

STEVE MURRAY is a freelance science writer and NASA Solar System Ambassador. A 
former research engineer, he follows developments in astronomy, space science, and 
aviation.

Victor F. Hess was awarded the Nobel Prize in Physics in 1936 for his discovery of cosmic rays during 
balloon-bourne experiments in 1911 and 1912 [VF Hess Society]

http://stevemurrayink.com
https://www.nobelprize.org/nobel_prizes/physics/laureates/1936/hess-facts.html
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Digging Deep
The Martian interior is an enigma; NASA’s InSight lander will change that.

By Tracy Staedter

In 2015, NASA’s Mars rover Curiosity studied an ancient lake bed at the “Kimberley” 
formation on the slopes of Mount Sharp in Gale Crater, adding another piece to the puzzle 
of Mars’ wet history—but it’s only scratched the surface [NASA/JPL-Caltech/MSSS]
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Scientists have only scratched the surface of Mars. Since NASA’s 
Mariner 4 flew by the Red Planet in 1965, another two-dozen 
spacecraft have gathered information about the planet’s atmo-

sphere, topography, ground-level rocks and minerals, and general 
details about its size and density using external observations. Now a 
new mission, scheduled to launch as early as May 5, is going deep. 

NASA’s Mars InSight, which stands for Interior Exploration using 
Seismic Investigations, Geodesy and Heat Transport, is a stationary 
lander that will use three main instruments to detect marsquakes 
and other seismic activity, measure heat emanating from inside the 
planet, and sense the planet’s wobble as it rotates around the Sun. 
The data gathered will help scientists determine whether Mars has 
tectonic activity, how often it’s struck by meteors, what kind of rock 
it’s made of, and how that rock is distributed. With these details sci-
entists can begin to paint a more precise picture of the Red Planet’s 
crust, mantle, and core, and add to their basic understanding of 
how terrestrial planets—not only Mars, but also Earth, Venus and 
Mercury—form.

“Other missions have focused on the materials and processes on 
the surface of Mars, while InSight is using a different set of tools 
to look at the deep interior,” Mark Panning, a research scientist at 
NASA’s Jet Propulsion Laboratory (JPL) and a co-investigator on the 
InSight mission to Mars, tells Mercury.

Mars Cooled Fast
Understanding the interior of the Red Planet begins with taking its 
temperature. That’s because many planetary processes come down 
to heat, says Panning. Earth, for instance, has a very hot center, 
upwards of 13,000 degrees Fahrenheit (7,500 Kelvin) at the inner 
core by some estimates  and as high as 9,400 F (5,500 K) at the 
outer core. As the heat rises to the surface, it drives tectonic activity. 

Continent-sized chunks of planetary crust riding on a layer of molten 
rock slide into and beneath each other, producing volcanoes and 
earthquakes. Over millions of years, the activity changes the Earth’s 
surface considerably. Old rock crumbles and erodes or gets forced 
down into the mantle, where it melts and is recycled.

Mars is different. At a diameter of 4,222 miles (6,794 kilometers), 
it’s a little more than half the diameter of Earth, which is 7,917.5 
miles (12,742 km). Because it’s smaller than Earth, the Red Planet 
cooled faster than its blue-green neighbor. It has no volcanoes 
erupting today (although it did have them as recently as 50 million 
years ago), and the presence of surface rock dating to more than 4 
billion years old indicate that the planet lacks Earth-like plate tec-
tonics, says Panning. But that doesn’t mean there’s no activity at all, 
he adds. Radioactive elements from the early days of the planet’s 

NASA’s InSight lander in a clean room undergoing tests with solar panels deployed at Lockheed Martin 
Space Systems in Denver, Colo. [NASA/JPL-Caltech/Lockheed Martin] 

https://www.scientificamerican.com/article/why-is-the-earths-core-so/
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formation are probably still deep inside the mantle, generating heat 
and contributing to activity in the crust above, which can cause 
marsquakes. 

Hence, the need to take its temperature. That’s where HP3 (Heat 
Flow and Physical Properties Probe) comes in. Designed by the 
German Aerospace Company, DLR, based in Berlin, the probe does 
two things: sense the temperature emanating inside Mars and also 
produce pulses of heat to test how they dissipate. If a pulse vanishes 
quickly, it suggests that the planet’s crust conducts heat well and 
likely contains metallic elements, like iron. If the pulse lingers, it sug-
gests the crust is a poor conductor of heat and could be made from 
elements like silicon.

The Mars “Claw Game”
After InSight lands, it will use a robotic arm to pick up the 6.5-pound 
(3-kilogram), three-legged device HP3 from the deck and place it 
onto the ground. This will be the first Mars lander to deploy instru-
ments from its deck in this way.

“I like to say we’re playing the claw game on Mars with no joy-
stick,” Jaime Singer, InSight Instrument Deployment Lead, said in a 
NASA video. 

A long pipe-like mechanism, nicknamed “the mole,” will ham-
mer a hole into the red clay up to 16 feet (5 meters) deep. Panning 
said that just 3 meters is deep enough to avoid recording daily and 
seasonal temperature variations from the surface. As the mole goes 
deeper, it will pull behind it a conductive foil ribbon that converts 
heat into electronic data. A tether connecting HP3 to the lander will 
provide the power and data link. 

Near HP3, InSight will place another instrument, a seismometer 
called SEIS (Seismic Experiment for Interior Structure), developed at 
the University Paris Diderot in France. A dome-shaped wind shield 
will protect the 65-pound (29.5-kilogram) device, which will work 
something like a stethoscope to listen to Mars’s heartbeat. Those 
thump-thumps may result from energy waves created from mars-
quakes, or meteorites striking the surface, or landslides, or even 
wind pressure from dust devils, the swirling red tornadoes common 
on planet’s surface. Such events don’t have to be happening near 
SEIS, either. Just like quakes on Earth can be detected all around the 
world, so too can global seismic activity on Mars be detected from 
one location. And because the instrument is extremely sensitive, it 
will pick up even the tiniest motions created beneath the surface as 
well as above. 

“It measures motions that are similar in size to atoms,” says 
Panning. An artist’s impression of the InSight lander with HP3 and SEIS deployed [NASA/JPL-Caltech] 

http://elib.dlr.de/75901/1/1445.pdf
http://elib.dlr.de/75901/1/1445.pdf
https://mars.nasa.gov/insight/multimedia/videos/?v=350
https://mars.nasa.gov/insight/multimedia/videos/?v=350
https://mars.nasa.gov/insight/mission/instruments/seis/
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Seismic waves passing through Mars will provide clues about its 
interior. That’s because as they propagate, different kinds of rock 
slow or deflect the waves in specific ways. Using what’s already 
known about how seismic waves travel through Earth, scientists 
will be able to answer key questions about the kind of rock inside 
Mars and how its distributed. For instance, they’ll be able to deduce 
whether the planet has a small, dense core or a larger, less-dense 
one, says Panning. 

Two “horn” antennas on top of the lander are part of the third 
instrument onboard InSight called RISE (Rotation and Interior 
Structure Experiment). It was developed to measure how much Mars 
wobbles. Thanks to data collected from NASA’s Viking landers and 
from Mars Pathfinder, scientists already know that the planet wob-
bles, but they don’t know how much. That information can provide 
useful details about Mars’s core. A slight wobble indicates a solid 

core, a larger wobble indicates a liquid core. Panning says it’s like 
guessing what’s inside an opaque milk jug by sloshing it around. If 
it’s full of something solid, it won’t slosh that much, but if it’s half full 
of liquid, it will slosh more. 

The instrument uses the antennas as well as an X-band radio tran-
sponder and transmitter inside the machine to reflect signals sent 
from Earth. Scientists on Earth measure the changes in the signal, 
known as the “Doppler shift,” to calculate how much Mars wobbles in 
its orbit.

In some sense, the InSight mission will work like a time machine, 
taking scientists back the early days of Mars’s formation, Bruce 
Banerdt, the InSight Principal Investigator said in a NASA video. “It’s 
measuring the structure of Mars that was put in place four-and-a-
half billion years ago, so we can go back and understand the pro-
cesses that formed Mars just shortly after it was accreted from the 

 InSight’s lander design is based on NASA’s Mars Phoenix lander that explored the Martian arctic in 2008. This panorama shows Phoenix’s deck and deployed solar panels [NASA/JPL-Caltech/UA/TAMU]

https://mars.nasa.gov/insight/mission/instruments/rise/ 
https://mars.nasa.gov/insight/mission/instruments/rise/ 
https://mars.nasa.gov/insight/multimedia/videos/?v=350
https://www.jpl.nasa.gov/spaceimages/details.php?id=PIA13804
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solar nebulae,” he said. 
InSight’s launch has been scheduled to occur within a window 

between May 5 and until June 8. It will launch on an Atlas V rocket 
from Vandenberg Air Force Base in California and arrive Nov. 26, 
2018, at Elysium Planitia, a flat plain near the equator and a little 
north of where the Mars Curiosity rover is now. There, InSight will 
conduct the research for 708 Mars days (sols), or 728 Earth days. 

“The launch is thrilling in all sense of the word,” says Panning.

Cubesats to Tag Along With InSight 
When InSight lifts off for Mars, it won’t be traveling alone. For the 
first time, two cube satellites (cubesats), each about the size of a 
briefcase, will be hitching a ride to the Red Planet, tucked into two 
small compartments at the bottom of the rocket. 

Called Mars Cube One, or MarCO, the mission is a flight demon-
stration to test whether cubesats can work as communication relay 
satellites in interplanetary space. If the experiment works, it could 
give future missions a “carry your own relay” option. That would add 
some scheduling flexibility to a mission and also allow information 
about the spacecraft’s status to be transmitted to Earth much faster 
than existing methods.

“MarCO’s objective is to collect data from Insight and send it back 
to Earth as Insight goes through the hairiest part of it cruise, which 
is the entry, decent and landing on Mars,” Annie Marinan, a systems 
engineer on MarCO, tells Mercury. 

For a typical Mars surface mission, scientists must coordinate the 
entry of the spacecraft with a satellite orbiting the planet. In the 
case of InSight, NASA’s Mars Reconnaissance Orbiter will be on hand 
to collect the data. It will listen for the radio transmission coming 
from InSight, record the entry, decent, and landing, and store the 
data before its orbit takes it behind Mars and out of range of Earth. 

It won’t be able to transmit that data to Earth until swings back into 
range. That can take several hours, says Marinan. 

With MarCO, the transmission happens immediately. If all goes 
well, scientists on Earth will receive the signal with a 19-minute 
delay, which is the amount of time it takes radio waves from Mars to 
reach Earth. There’s not enough fuel to send the twin cubesats into 
orbit around Mars nor bring them back to Earth, so after their job 
is done, says Marinan, they will fly off into space, never to be seen 
again. 

TRACY STAEDTER (tracystaedter.com) is a freelance science journalist, editor, and 
writing consultant. She mainly covers energy, the environment, sustainability, and 
urban resilience, but always has time for space exploration. You can follow her on 
Twitter (@tracy_staedter) and find her on LinkedIn.

An artist’s impression of the MarCO cubesats at Mars [NASA/JPL-Caltech] 

http://tracystaedter.com
https://www.twitter.com/tracy_staedter
https://www.linkedin.com/in/tracystaedter/
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20,000 Alien Worlds Await
NASA’s Transiting Exoplanet Survey Satellite will search most of the sky in 

its hunt for planets and other astronomical phenomena.

By Matthew R. Francis

This artist’s impression shows the nearby super-Earth exoplanet GJ 1214b 
orbiting its star. This was the first world beyond the solar system to have its 
atmosphere analyzed [ESO/L. Calçada]
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NASA’s Kepler space telescope and its follow-up K2 mission 
have been an overwhelming success, discovering eight thou-
sand possible worlds orbiting other stars. After more than 

nine years of operation, the exoplanet observatory is finally reach-
ing its end as it runs out of fuel. But researchers are already looking 
forward to the next big mission: the Transiting Exoplanet Survey 
Satellite (TESS). 

TESS, which is scheduled to launch from Cape Canaveral in Florida 
on April 16, is far more than a “Kepler 2.0,” however. Whereas Kepler’s 
primary mission stared deeply at one patch of sky to study Sun-like 
stars, TESS will survey nearly the entire sky systematically, hunting 
planets orbiting some of the brightest stars we can see. The obser-
vatory’s four cameras will image a strip of the sky 24 degrees by 90 
degrees, an amazingly huge patch compared with Kepler’s relatively 
small 105 square degree field.

“The way TESS is designed, you’ve got a very large, unprec-
edented field of view,” says Patricia Boyd of NASA’s Goddard Space 
Flight Center in Greenbelt, Md. “It’s going to be a discovery machine! 
You’re going to have continuous data for at least 27 days over about 
85 percent of the visible sky. It’s the first time that we’re launching a 
mission that’s going to monitor that much of the sky.”

20,000 New Worlds
As its name suggests, TESS is designed to hunt for exoplanet transits: 
the small dip in light as a planet passes between its host star and us. 
The survey operates in two modes: 30-minute exposures that will 
catch every visible star in that huge field of view, and smaller 2-min-
ute exposures concentrating on the 200,000 brightest stars in the 
sky. Extrapolating from Kepler and other observatories, astronomers 
estimate TESS could identify as many as 20,000 new exoplanets—
with hundreds of thousands of additional candidate systems to fol-

low up on with other telescopes.
Many of the bright stars in the TESS catalog are younger and hot-

ter than those in the Kepler sample, while others are the low-mass 
red stars known as M dwarfs. Data on planets orbiting these stars 
will fill gaps in our knowledge of what kinds of planets are out there 
and when they formed. That includes understanding why many 
planetary systems are radically different from our own, and where 
the Solar System fits into the general population of planets.

“When the Solar System was the only example of a multi-planet 
system, that was what all the planet-formation theories were geared 
toward reproducing,” says Jessie Christiansen of the NASA Exoplanet 
Science Institute at Caltech, in Pasadena, Calif. “We’ve been find-
ing with Kepler is this population of multi-planet systems that are 
packed in very tightly, so two, three, four planets all with periods 
shorter than 10 or 20 days, which is very different from our Solar 

Unlike NASA’s Kepler space telescope that orbits the Sun behind the Earth, TESS will orbit our planet 
making data transmission more efficient [NASA’s Goddard Space Flight Center]

https://tess.mit.edu/
https://tess.mit.edu/
https://science.gsfc.nasa.gov/sed/bio/patricia.t.boyd
https://tess.gsfc.nasa.gov/science.html
https://tess.gsfc.nasa.gov/science.html
http://web.ipac.caltech.edu/staff/christia/
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System.”
That’s why she’s interested in very young stars, such as those in 

clusters like Pleiades or Upper Scorpius.
“All of those stars [in a cluster] have about the same age, and that 

makes them really good laboratories for finding occurrence rates as 
a function of time,” Christiansen says. “If you look at Hyades, which 
is 600 million years old, and there are the same number of planets 
there as there are in normal Kepler stars, which are billions of years 
old, then you know planet formation is done by the time you reach 
600 million years. If you look at Upper Scorpius, which is very young, 
and don’t find any planets, then you know it takes longer than 5 mil-
lion years to form planets. We’re going to be able to really pin down 
at what epoch planet formation happens, and that’ll tell us how it 
happens.”

Additionally, because the stars TESS will study are brighter and 
closer to the Solar System than those in the Kepler data, it will be 
easier to follow up with other telescopes, such as the upcoming 
James Webb Space Telescope (JWST). Once exoplanets have been 
identified by TESS, those other observatories can try to obtain data 
on their atmospheres.

“Kepler typically observed hotter and fainter stars than TESS will 
be observing and thus Kepler targets are harder to follow up,” says 
Laura Mayorga of the Harvard Smithsonian Center for Astrophysics, 
in Cambridge, Mass. “Finding those planets isn’t enough. We want to 
characterize them, understand their differences and similarities; TESS 
targets are far more amenable to that.”

That’s important because many exoplanets aren’t much like those 
in our Solar System. For instance, some are “hot Jupiters”: very large 
massive planets with orbits that bring them close to their host stars. 
Then there are the “mini-Neptunes” and “super-Earths”, gaseous or 
rocky planets that fall in-between Earth and Neptune in terms of 

size. We know very little about these worlds since we have no nearby 
examples to study. 

Mayorga is particularly interested in exoplanet atmospheres, 
which are important for understanding planetary chemistry and 
formation. 

“We have analyzed a bunch of hot Jupiters now but the cooler, 
longer period Neptune-sized and Jupiter-sized planets remain a bit 
of a mystery,” Mayorga says. “There’s an interesting transition as you 
go from hundreds to thousands of Kelvin in equilibrium tempera-
ture, where the constituents making up clouds can vary dramati-
cally. TESS should fill out the sample of Neptun-ish and Jupiter-sized 
objects in that temperature range that we can follow up with other 
observatories like JWST.”

Beyond Alien Worlds
In addition to the exoplanet bounty, TESS will be a boon to astrono-
mers studying other objects. 

This artist’s impression depicts the K2-138 star system, the first multi-planet system discovered by 
citizen scientists [NASA/JPL-Caltech]  
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“Not only will you be able to detect transiting exoplanets, which 
is what the mission has been designed to do, but it means all kinds 
of variability in the stars and the galaxies that we can see will be 
monitored by TESS,” says Boyd, who is the Director of the TESS Guest 
Investigator Program at Goddard. 

This program is like those offered by other observatories, such 
as the Hubble Space Telescope. Astronomers can propose targets 
for TESS that aren’t among the bright stars in its catalog and use 
the extensive TESS resources to analyze the data the observatory 
collects. Just as Kepler provided an unprecedented wealth of data 
on star variability simply by staring at a chunk of the sky for a long 
period of time, TESS’ cameras will pick up many transient phenom-
ena, from stellar flares from stars to supernovas in distant galaxies. 

“We also had some proposals that were looking at distant galax-
ies, some proposals from teams that were interested in what we 
could learn about solar system objects from the TESS data,” Boyd 

says. “The guest investigator program is an opportunity for the 
entire community to participate in TESS science.”

To facilitate that, the TESS will make all results available, in the 
form of raw data, “data products” which are processed into more 
usable form, and open-source code for researchers to tweak. It’s 
going to be a huge amount of data, dwarfing the output of any 
existing space observatory. (TESS will orbit Earth in an inclined 
elliptical orbit, unlike Kepler, which orbits the Sun at a slightly slower 
rate than Earth. That orbit means it’s closer to Earth and can transmit 
data more efficiently.)

In addition to the community of professional astronomers, citizen 
scientists have already made some important exoplanet discoveries, 
such as the multi-planet system K2-138 (with help from Christiansen 
and her colleagues). TESS researchers will also include citizen scien-
tists.

“There’s a lot of cool citizen science projects happening now, and 
the TESS data seems tailor-made for some innovative citizen science 
engagement,” says Boyd.

The nominal mission for TESS will last two years, with the possibil-
ity of running longer if all goes well. Those two years are likely to feel 
short compared with the sheer amount of stuff we’re going to get 
from the observatory.

“We’re going to find the nearest bright planet hosts, and with 
[JWST] we’re going to be able to study the atmospheres of these 
planets in so much more detail,” says Christiansen. “TESS is really 
going to find the planets that we study for the next 100 years, which 
is really exciting.” 

MATTHEW R. FRANCIS is a physicist, science writer, public speaker, educator, and fre-
quent wearer of jaunty hats. His website is BowlerHatScience.org, and he tweets too 
much at @DrMRFrancis.

In addition to its exoplanet-hunting mission, TESS will also detect stellar flares [NASA]  

https://www.jpl.nasa.gov/spaceimages/details.php?id=PIA22088
http://www.bowlerhatscience.org
http://www.twitter.com/DrMRFrancis
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A Fingerprint of the Earliest Stars

Our Universe reverberates with the ancient afterglow of the Big 
Bang. Studying the characteristics of this faint glow—called the 
Cosmic Microwave Background (CMB)—can reveal the structure of 
the Universe’s first moments. But, as revealed in new research pub-
lished across four Nature studies in February, the CMB’s photons can 
also be used to reveal the sparkle of “cosmic dawn”—the moment 
the first population of stars were born—and, possibly, probe the 
effects of dark matter in this primordial era, hundreds of millions of 
years after the Big Bang.

Using a powerful radio antenna in Western Australia, researchers 
report finding a dip in the CMB signal centering around a frequency 
of 78 megahertz. For decades, astronomers have been looking for 
this dip as it was predicted that it could represent the indelible fin-
gerprint of the very first population of stars. Through analysis of this 
dip, astronomers have now been able to pinpoint exactly when the 
first stars were born: 180 million years after the Big Bang. 

But what does this CMB dip signify? 13.8 billion years ago, the 
Universe was an expanding, hot mess of turbulent plasma—a gas 
of energized ions. As it cooled, these ions, mainly protons, started 
to pair up with electrons, forming neutral hydrogen. This hydrogen 
quickly clumped together under gravity, eventually sparking the 
formation of stars. Until now, however, astronomers have been at a 
loss to work out when this happened. These first stars were massive; 
they burned bright and died young, but during their lifetimes they 

pumped out powerful X-rays, changing the behavior of the neutral 
hydrogen that filled interstellar space. While passing through this 
neutral hydrogen, CMB photons were preferentially absorbed at a 
specific frequency, a frequency that remains embedded in the CMB 
signal that we see today. By studying the dip’s width, the research-
ers could calculate exactly when the first light from the first stars 
irradiated the Universe. Interestingly, one of the Nature studies 
notes that the dip is twice as deep as predicted by theory and it 
could be because dark matter cooled the hydrogen gas, making it 
more efficient at absorbing that frequency of CMB photons.

For more on this potentially historic discovery, read the Nature news 
release.

Artist’s impression of what the first stars may have looked like [N.R. Fuller, NSF] 

A rundown of some of the most exciting developments in space and time 

http://loco.lab.asu.edu/edges/
https://www.nature.com/articles/d41586-018-02616-8
https://www.nature.com/articles/d41586-018-02616-8
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Dwarf Planet Ceres Is Surprisingly Dynamic

At first glance, Ceres looks like a static ball of rock and dust—but 
appearances can be deceiving. New results from NASA’s Dawn 
spacecraft, published in two studies on March 14 in the journal 
Science Advances, suggest that it has a dynamic landscape that is 
driven by seasonal change and compositional variations in its rich 
crust.

For one study, the Dawn spacecraft studied the wall of 12-mile 
(20-km) wide Juling Crater from April through October 2016 to find 
a thickening of water ice on the crater wall within this short period. 

“The combination of Ceres moving closer to the Sun in its orbit, 
along with seasonal change, triggers the release of water vapor 
from the subsurface, which then condenses on the cold crater wall. 
This causes an increase in the amount of exposed ice,” said Andrea 
Raponi, of the Institute of Astrophysics and Planetary Science 
in Rome and lead scientist of one of the studies, in a statement. 
“The warming might also cause landslides on the crater walls that 
expose fresh ice patches.”

Previous findings by Dawn have shown that the solar system’s 
innermost dwarf planet has a crust that is approximately 25 miles 
(40 km) thick and surprisingly rich in water, salts and possible 
organics. The second study published in Science Advances has 
added more detail to this geological picture.

Using the spacecraft’s infrared mapping spectrometer, the 
second study gained new insight to recent changes in this crust, 

revealing newly exposed material including water mixed with 
sodium carbonates, which is the first time the chemical mix has 
been found anywhere beyond Earth. As water sublimates quickly 
when exposed on the surface of Ceres, Dawn should only see dehy-
drated carbonate patches, but the fact that it is hydrated is another 
line of evidence supporting recent geologic activity.

If there’s one thing we’re learning after sending spacecraft to 
Ceres and Pluto, it’s that these worlds are by no means frozen in 
time; they are evolving and geologically rich worlds in their own 
right.

An earlier study using observations from NASA’s Dawn spacecraft revealed fascinating detail in the 
dwarf planet’s internal structure (right). Now scientists are finding new evidence that Ceres isn’t a 
frozen, static world [NASA/JPL-Caltech] 

https://www.jpl.nasa.gov/news/news.php?feature=7081  
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TRAPPIST-1: Too Much Water Can be a Bad Thing

We’ve heard it time and time again: if a habitable zone exoplanet 
possesses water, there could be life. But what if there’s too much 
water? This question was recently posed by new research into the 
evolution of the fascinating worlds orbiting the red dwarf star 
TRAPPIST-1, and it doesn’t look good for life. Well, not for life as we 
know it.

TRAPPIST-1 is located 40 light-years away and the star system has 
an incredible seven planets crammed into compact orbits far closer 
to their star than Mercury orbits the Sun. Bathing in the weak light 
produced by the cool red dwarf star, these worlds are roughly the 
same size as Earth, six of which could have habitable potential. 

Now, the best thing about having this miniature star system in 
our interstellar neighborhood is that although we can’t yet directly 
observe extraterrestrial biosignatures (i.e. chemicals that would 
reveal the presence of or the potential for an alien biology), we can 
precisely observe the exoplanets’ clockwork motions around the 
star. And, by doing this, astronomers have detected the gravita-
tional effects each of the TRAPPIST-1 worlds have on one another as 
they orbit, providing an estimate of their masses.

As astronomers already know the approximate physical size of 
the exoplanets (from how much light they blocked as they tran-
sited), a comparatively simple estimate could be made of their 
densities. With all this information in hand, the researchers ran com-
puter simulations to arrive at some possible models of their compo-

sitions, thereby revealing how much water they may contain.
“What we are seeing for the first time are Earth-sized planets that 

have a lot of water or ice on them,” said astrophysicist Steven Desch, 
of Arizona State University, in a statement on March 20.

Although the inner exoplanets are thought to be 15 percent 
water with very dense and steamy atmospheres, the outer worlds 
could be composed of more than 50 percent water. Bearing in 
mind that Earth is only 0.02 percent water, the TRAPPIST-1 system 
appears to be populated with ocean (or ice) worlds, each contain-
ing dozens to hundreds of times more water than our planet. The 
research suggests that the planets of TRAPPIST-1 formed beyond 
the star’s “ice line,” where it’s cold enough for water ice to exist, and 
then they migrated inward into stable and resonant orbits, bringing 
that water with them.

More water, more life? Not quite; as pointed out by the research-
ers, we typically think of truly habitable exoplanets to be like Earth 
(even though the chances of finding an “Earth 2.0” are much slim-
mer than science fiction would have us believe), but TRAPPIST-1’s 
worlds would be dominated by water and very un-Earth-like.

“We typically think having liquid water on a planet as a way to 
start life, since life, as we know it on Earth, is composed mostly 
of water and requires it to live,” said Natalie Hinkel, of Vanderbilt 
University. “However, a planet that is a water world, or one that 
doesn’t have any surface above the water, does not have the impor-
tant geochemical or elemental cycles that are absolutely necessary 
for life.”

https://eurekalert.org/pub_releases/2018-03/asu-tpp032018.php
https://eurekalert.org/pub_releases/2018-03/asu-tpp032018.php


VOL. 47 NO. 2
SPRING 2018 43

TABLE OF CONTENTS

astronomy in the news

Galaxy Breaks Dark Matter Rules

Finding a galaxy without dark matter would be like finding an egg 
with no yolk; it just doesn’t happen. But astronomers have, for the 
first time, done just that: they’ve discovered a galactic shell lacking 
its dark matter “yolk”—a finding that could turn astrophysical mod-
els on their head.

Before we dive into this cosmic weirdness, let’s understand why 
dark matter and galaxies are so intertwined. After the Big Bang, 
matter and dark matter—the invisible stuff that makes up most of 
the mass in our universe—clumped together as the universe cooled. 
Dark matter formed islands of gravitational stability in the large-
scale structure of the universe. As matter clumped together to form 
stars and stars clumped together to form galaxies, they did so in 
these gravitational islands of dark matter. In the modern universe, 
galaxies are therefore found residing in the middle of dark matter 
halos—the galaxies we see are therefore only the tip of the ice-
berg; most of the mass is hiding in their dark matter halos (see Katy 
Rodriguez Wimberly’s column on page 8). 

But for the ultra-diffuse galaxy NGC 1052-DF2, its tip of the 
iceberg is the whole iceberg. After enlisting observations from 
powerful telescopes on the ground (like the Gemini North and 
Keck observatories on Hawaii) and the Hubble Space Telescope to 
measure the motions of bright globular clusters inside the ghostly 
galaxy, they found that it contains very little, if any, dark matter.

Published in the journal Nature, the study of NGC 1052-DF2 is fas-

cinating and the researchers speculate that either something hap-
pened to the galaxy early in its evolution to strip it of dark matter or 
that ultra-diffuse galaxies may simply be galaxies that have evolved 
without the help of dark matter. From our understanding of how 
galaxies evolve, how NGC 1052-DF2 is dark matter-less is a puzzle, so 
the researchers are now looking for more ultra-diffuse galaxies lack-
ing dark matter to understand whether NGC 1052-DF2 is an excep-
tion or the rule.

NGC 1052-DF2 resides about 65 million light-years away in the NGC 1052 Group, which is dominated 
by a massive elliptical galaxy called NGC 1052 [NASA, ESA, and P. van Dokkum (Yale University)] 

https://www.spacetelescope.org/news/heic1806/?lang 
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SpaceX’s Falcon Heavy and a Tesla Stunt

Say what you like about Elon Musk’s commercial spaceflight com-
pany, but it certainly knows how to grab a headline. On Feb. 6, 
SpaceX celebrated the hugely successful test flight of the world’s 
most powerful rocket, the Falcon Heavy. Performing as part test-
mass and part marketing stunt, the rocket carried Musk’s red Tesla 
Roadster into space and put into orbit around the Sun. In the driv-
er’s seat sat “Starman” (a space-suited mannequin), David Bowie’s 
“Space Oddity” played on the radio and the message “Don’t Panic!” 
appeared on the car’s display (paying homage Douglas Adams “The 
Hitchhiker’s Guide to the Galaxy”). There was a lot going on dur-
ing that launch and the visuals from the Tesla departing Earth were 
nothing short of stunning.

Although there’s some controversy surrounding Musk’s choice of 
test mass—why not launch something of more practical use than 
an expensive, albeit used, car?—the launch itself was something 
to behold. Not only did the Falcon Heavy deliver its payload into 
space, its two booster rockets returned to Earth in unison, making 
a picture-perfect synchronized powered landing. The core booster, 
however, was lost in the Atlantic Ocean after an attempt was made 
to land on a SpaceX drone boat.

Impressive as this may be, there are some questions about 
whether planetary protection measures were taken during launch 
preparations. That car is likely carrying a zoo of terrestrial bacteria; 
let’s hope it doesn’t hit Mars in the future.

 

The 27-engine SpaceX Falcon Heavy launched from Kennedy Space Center in Florida on Feb. 6, carry-
ing Elon Musk’s Tesla roadster into space [SpaceX] 

http://www.spacex.com/news/2018/02/07/falcon-heavy-test-launch
http://www.planetary.org/blogs/jason-davis/2018/20180205-space-tesla.html
https://medium.com/@astroengine/thanks-elon-humanity-just-sneezed-into-the-solar-system-d04d886ed321
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reflec tions
By Ian O’Neill

‘Magic’ Between the Dunes

It resembles one of those “magic eye” posters that were all the rage in the 1990’s—the im-
ages that, if you forced yourself to go a little cross-eyed while staring at the psychedelic 
colors and odd shapes, a 3-dimensional image emerges. But this isn’t one of those posters. 

This is the mesmerizing surface of Mars, as seen through the precision eye of the NASA Mars 
Reconnaissance Orbiter’s High-Resolution Imaging Science Experiment (HiRISE) camera. But 
what exactly is it? Whereas much attention is often paid to Mars’ wind-blown dunes (see the 
barchan dunes in the image, inset), this is a close-up of the stuff in-between. In oddly regular 
intervals, like waves rippling on the surface of the ocean, lines of boulders have accumulated. 
Caused by a process known as “frost heave,” the ground has undergone seasons of freezing and 
thawing and this has gradually forced boulders underground to the surface. Objects of less 
than 1 meter (3.3 ft) can be resolved, so the rocks you see here are larger than that. So, the 
next time you admire the Martian dunes, take a look at the stuff in between, you never know 
what you’ll find. Credit: NASA/JPL-Caltech/University of Arizona

https://www.uahirise.org/ESP_053924_2550
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