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It’s been a difficult few weeks for robots 
in space. We have the on-going worry for 
Opportunity on Mars (see page 9), there 

was some anxiety when the Hubble Space 
Telescope had a glitch with its gyros, and 
NASA’s Chandra popped in and out of safe 
mode. But just as this issue of Mercury was 
going to press, NASA has said goodbye to two 
of its trailblazing missions in as many days: 
Kepler and Dawn. Kepler transformed our 
understanding of worlds orbiting other stars 
and Dawn has spent years exploring the Solar 
System’s pristine asteroid belt, orbiting massive 
asteroid Vesta and then dwarf planet Ceres. 
Both spacecraft ran out of fuel at almost the 
same time and their missions are officially over.

As a space writer who has covered the 
groundbreaking discoveries of these two 
explorers for years, it’s hard not to feel sad-
ness for their loss. Although the science both 
have collected will keep researchers busy for 
years, it was always a comforting thought that 
both Kepler and Dawn were taking data right 
now and that the next historic discovery had 
yet to be found. Now, the next big discoveries 

have already been recorded and are waiting 
on NASA hardrives for a clever new algorithm 
or a citizen science project to pull new insights 
from their observations. 

In short, it’s a bittersweet moment for the 
scientists and engineers who built and guided 
these wonderful spacecraft; their missions sur-
passed all expectations, but now they’re gone, 
handing the science batton to the next genera-
tion of trailblazing space robots.

“As we prepare to say goodbye to these two 
record-breaking missions, we rejoice in the fact 
that discoveries will still arise from their data 
decades into the future.“—NASA

Dr. Ian O’Neill
Editor, Mercury

editor@astrosociety.org | @AstroSocietyPac

http://astrosociety.org
http://hubblesite.org/news_release/news/2018-54
https://www.nasa.gov/feature/chandra-operations-resume-after-cause-of-safe-mode-identified
https://www.nasa.gov/feature/chandra-operations-resume-after-cause-of-safe-mode-identified
https://science.nasa.gov/news-article/The_Surprising_Coincidence_Between_Two_Overachieving_NASA_Missions
mailto:editor%40astrosociety.org?subject=
https://www.twitter.com/astrosocietypac
https://www.twitter.com/AstroSocietyPac
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The Astronomy Bucket List
My dream has always been to see the Aurora Borealis—this spring, my dream will become reality. Join me!

by Linda Shore

first word

What’s on your astronomy bucket list?  Experiencing a total 
eclipse of the Sun? Observing the Magellanic Clouds from 
somewhere in the Southern Hemisphere? Watching a 

rocket launch from Florida’s Space Coast? For me, it’s witnessing the 
Aurora Borealis, or the Northern Lights.  

I was mesmerized as a kid by the grainy photographs of aurorae in 
my science books.  The images may not have been as jaw dropping 
as they are today, but I was spellbound none-the-less.  As a child of 
the sixties, images of aurora were captured on good old fashion film.  
Photographers attempting to get a good shot used really expensive, 
low ISO film and then guessed at the exposure time they needed.  
It’s the advances in digital photography made during the last decade 
or so that have made it possible to more easily capture fabulous 
images of aurorae.  

But anyone who has witnessed the Northern (or Southern) Lights 
will tell you no image can capture the astonishing beauty created 
as charged particles streaming from the Sun reach our atmosphere 
and are corralled by the magnetic field at Earth’s poles.  Moving at 
near light speeds, these solar particles collide with the atoms and 
molecules in our atmosphere. During the collision, these atoms and 
molecules absorb energy, and then release this energy in the form of 
visible colors of light.  An aurora is born.

Curtains of color undulate in the sky, transforming the heavens 

into an impressionist work of art.  The oxygen, nitrogen, and other 
elements in our atmosphere literally become paintbrushes for this 
ever-changing celestial painting. Atomic nitrogen creates blue light, 
molecular nitrogen makes purple, and molecular oxygen in the 
lower atmosphere produces green.  And like any masterpiece, no 
two aurorae are ever the same.  

After over 50 years of waiting, I will finally be seeing the aurora 
borealis this spring and you can join me!  

The aurora as seen by International Space Station astronauts [NASA]
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ASP is collaborating with MWT Associates to offer a group of 
travelers a once in a lifetime opportunity. I’ll be serving as the dis-
tinguished lecturer on a tour of Iceland, that includes seeing the 
Northern Lights. Some of the proceeds from ticket sales will support 
ASP educational programs, so you will be helping the Society while 
you fulfill one of your dreams.   

Come join me and lets cross something off our astronomy bucket 
list together! 

Iceland: Tour the Northern Lights and Lava Fields
March 22 - 28, 2019
Travel with astronomy friends from the Astronomical Society of 
the Pacific to the far north for a winter’s night tour in search of the 
Aurora Borealis on our 18th tour to Iceland. Dr. Linda Shore, CEO, will 
be our distinguished speaker on tour. Read more

Your tour includes:
• Roundtrip airfare from: (SEA), other gateways available.
• Roundtrip airport/hotel transfers.
• Five nights at the 4-Star Grand Reykjavik Hotel.
• Icelandic buffet breakfasts daily, 1 lunch and 2 dinners.
• Reykjavik City tour including Hallgrimskirkja, Hofdi House, and 

the Pearl.
• Blue Lagoon, includes bathing in the mineral-rich pool, geother-

mal-heated water.
• Full day tour: Thingvellir landmark, Gulfoss Falls, the Great 

Geyser.
• South Coast of Iceland tour with visit at Skogar Folk Museum.
• Astronomical lecture and aurora watching in the countryside.
• Optional excursions: Westman Islands, Art tour with local artist, 

horseback riding on Icelandic horses.  

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

[NASA]

https://melitatrips.com/destinations/2019/iceland/iceland-northern-lights.html
mailto:lshore%40astrosociety.org
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asp news

ASP Awards Announced!

The ASP recognizes individual achievements in astronomy 
research, technology, education, and public outreach each 
year. Recipients of our awards have included luminaries such 

as Edwin Hubble, Vera Rubin, Isaac Asimov, Margaret Burbidge, Carl 
Sagan, and most recently, Katherine Johnson.

Our most prestigious award, the Catherine Wolfe Bruce Gold 
Medal, was established in 1889 by Catherine Wolfe Bruce, an 
American philanthropist and patroness of astronomy. The Bruce has 
been awarded annually by the ASP to a professional astronomer in 
recognition of a lifetime of outstanding achievement and contri-
butions to astrophysics research and is one of the most important 
awards in the field.

Nominees are welcome from ASP Members and members of the 
astronomical community through March 1 of each year. The 2018 
Awards Gala will be held at the DoubleTree by Hilton in Burlingame, 
Calif., on Nov. 10.

Catherine Wolfe Bruce Gold Medal
The 2018 Catherine Wolfe Bruce Gold Medal is awarded to Tim 
Heckman, the inaugural Dr. A. Hermann Pfund Professor at Johns 
Hopkins University.  Heckman is the Chair of the JHU Dept. of 
Physics & Astronomy, and has been the Director of the Center for 
Astrophysical Sciences. His work has focused on galaxy formation, 
active galactic nuclei, and the relationship between galactic evolu-

tion and the life cycle of the super-
massive black holes at their cores. In 
Heckman’s early work, he found that 
nuclear activity is ubiquitous in so-
called normal galaxies, an early fore-
shadowing of the later discovery that 
nearly all galaxies have supermassive 
black holes in their centers.  Heckman 
is a renowned observer, with a deep 
knowledge of spectroscopic diagnostics 
and has utilized and organized exten-
sive surveys using both ground- and 
space-based telescopes. This includes the analysis 
of data from the Sloan Digital Sky Survey (SDSS), 
the Hubble Space Telescope, and the Galaxy Evolution Explorer.  
Heckman published the landmark paper establishing that galaxies 
undergoing intense episodes of star formation drive powerful winds 
that affect the evolution of galaxies in profound ways. He has also 
published several definitive papers on galaxy evolution using SDSS 
data that are considered by many as benchmarks of the field.  He 
and his colleagues showed how the stellar populations and struc-
ture of galaxies correlate with the galaxy mass, determined in which 
types of galaxies supermassive black holes are most rapidly grow-
ing, and demonstrated that the chemical composition of galaxies is 
tightly correlated with galaxy mass. 

Heckman is extremely well-published with almost 500 papers 

Tim Heckman

https://www.astrosociety.org/about-us/events/2018-asp-annual-awards-gala/
https://www.astrosociety.org/about-us/events/2018-asp-annual-awards-gala/
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cited 75,000 times (12 of them have more than 1,000 citations). 
Viewed as one of the most valuable leaders in his field, his previous 
recognitions include a Sloan Faculty Fellowship, election as a Fellow 
of the American Academy of Arts & Sciences, and election as a 
Member of the National Academy of Sciences.  
Read more about the medal and Heckman’s 
work.

Maria and Eric Muhlmann Award
The Maria and Eric Muhlmann Award is given 
for recent significant observational results 
made possible by innovative advances in 
astronomical instrumentation, software, or 
observational infrastructure. The 2018 recipi-
ent of the Muhlmann Award is Pieter van Dokkum 
for the development of a novel means to mea-
sure very diffuse and faint structures in the sky. Dr. van Dokkum is 
responsible for the “Dragonfly” array, a novel telescope consisting 
of “normal” telephoto camera lenses that are clustered and instru-
mented together. There are now 48 lenses in two clusters that can 
reach a limit of 32 magnitudes per square arc 
second in a 10-hour exposure over a large 
field of view. Read more about the award and 
van Dokkum’s work.

Robert J. Trumpler Award
The Robert J. Trumpler Award is given each 
year to a recent recipient of the PhD degree 
in North America whose research is consid-
ered unusually important to astronomy. The 
ASP is proud to award the 2018 Robert J.Trumpler 

Award to Dr. Benjamin J. (“BJ”) Fulton, for his work as staff scientist 
at NExScI, based at IPAC, a science and data center for astronomy at 
Caltech. Now a Deputy Project Scientist at NASA, Dr. Fulton’s land-
mark doctoral dissertation focused on the discovery and categori-
zation of extrasolar planets, and in particular 
smaller planets between the sizes of Earth and 
Neptune. Read more about the award and 
Fulton’s work.

Amateur Achievement Award
The Amateur Achievement Award recognizes 
significant observational or technological con-
tributions to astronomy by an individual not 
employed in a professional capacity. The 2018 
recipient is Thiam-Guan Tan who has demonstrated 
an extraordinary record of accomplishment for an 
amateur astronomer, contributing serious professional work at the 
highest levels of quality. Since 2011 Tan has been a key collaborator 
with the HATSouth, MEarth, and KELT exoplanet transit surveys and 
has contributed observations to a wide array of exciting results and 
discoveries. Read more about the award and 
Tan’s work.

Richard H. Emmons Award
The Richard H. Emmons Award — estab-
lished by Jeanne and Allan Bishop in honor 
of Ms. Bishop’s father, Richard Emmons, an 
astronomer with a lifelong dedication to 
astronomy education — is awarded annually 
to an individual demonstrating outstanding 
achievement in the teaching of college-level introductory Benjamin J. Fulton

Thiam-Guan Tan

David Hurd

Pieter van Dokkum

https://www.astrosociety.org/society-news/astronomical-society-of-the-pacific-honors-dr-tim-heckman-with-the-bruce-gold-medal/
https://www.astrosociety.org/society-news/astronomical-society-of-the-pacific-honors-dr-tim-heckman-with-the-bruce-gold-medal/
https://www.astrosociety.org/society-news/2018-awards-recipients/#muhlmann
https://www.astrosociety.org/society-news/2018-awards-recipients/#muhlmann
https://www.astrosociety.org/society-news/2018-awards-recipients/#trumpler
https://www.astrosociety.org/society-news/2018-awards-recipients/#trumpler
https://www.astrosociety.org/society-news/2018-awards-recipients/#amateur
https://www.astrosociety.org/society-news/2018-awards-recipients/#amateur
http://Richard H. Emmons Award
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astronomy for non-science majors. The 2018 recipient is Prof. David 
Hurd, of Edinboro University in Pennsylvania. Professor Hurd is recip-
ient of what is the only award in the world that recognizes a lifetime 
of contributions to the teaching of introductory college astronomy. 
With more than 30 years of teaching experience, he is both Professor 
of astronomy (and geology) and Director of the college planetarium 
at of Edinboro University of Pennsylvania, which serves not only the 
college’s students but thousands of K-12 students and members of 
the public in the area. Read more about the award and Hurd’s work.

Thomas J. Brennan Award
The Thomas J. Brennan Award is given to an 
individual demonstrating excellence in the 
teaching of astronomy at the high school 
level in North America. Peter Detterline, 
Planetarium Director and high school 
astronomy teacher for the Boyertown Area 
School District in Boyertown, Pennsylvania, 
is the 2018 recipient of the Brennan Award. 
Detterline recently counted his 500,000th 
visitor to the district planetarium and has also 
been a part-time astronomy instructor at several local colleges and 
universities. Several generations of students have been inspired to 
a greater interest in, and involvement with, astronomy through his 
passion. Read more about the award and Detterline’s work.

Las Cumbres Amateur Outreach Award
Established by Wayne Rosing and Dorothy Largay, the Las Cumbres 
Amateur Outreach Award honors outstanding educational outreach 
by an amateur astronomer to K-12 children and the interested lay 
public. The 2018 recipient is Don Ficken, a member of the St. Louis 

Astronomical Society who has performed 
remarkable services in expanding the out-
reach programs of the Society. Since 2014, 
Ficken has developed and managed the 
SLAS Library Telescope program which now 
circulates 135 telescopes through libraries in 
eastern Missouri and western Illinois in addi-
tion to another five telescopes made available 
to local pre-college educators. Ficken also 
expanded the educators’ telescope program 
to include 13 Sun Spotter telescopes, dedicated 
to solar viewing, used by library branches for eclipse programs dur-
ing the summer of 2017. Read more about the award and Ficken’s 
work. 

Andrew Fraknoi Supporters Award
The ASP’s 2018 Andrew Fraknoi 
Supporters Award goes to a 
longtime friend and supporter 
of the ASP: Mary Marcussen, 
consultant, grant writer, and 
project design specialist. Mary 
has served as the ASP’s grant 
developer for over 25 years. Her 
specialty is helping organizations develop and 
craft National Science Foundation grants. The first NSF award she 
helped the ASP secure was in 1993 for Project ASTRO – ASP’s land-
mark education project that pairs amateur and professional astrono-
mers with classroom science teachers. Project ASTRO continues to 
this day with a network of active sites across the country. Read more 
about the award and Marcussen’s work. 

Peter Detterline

Don Finken

Mary Marcussen

https://www.astrosociety.org/society-news/2018-awards-recipients/#emmons
https://www.astrosociety.org/society-news/2018-awards-recipients/#brennan
https://www.astrosociety.org/society-news/2018-awards-recipients/#cumbres
https://www.astrosociety.org/society-news/2018-awards-recipients/#cumbres
https://www.astrosociety.org/society-news/mary-marcussen-to-receive-the-andrew-fraknoi-supporters-award/
https://www.astrosociety.org/society-news/mary-marcussen-to-receive-the-andrew-fraknoi-supporters-award/
http:// 
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space news

Opportunity In Limbo

In the Summer 2018 issue of Mercury, Tracy Staedter encapsu-
lated the anxiety surrounding NASA’s Mars Exploration Rover 
Opportunity’s silence in her feature “Opportunity Sleeps,” writing: 
“This is either an obituary or a story of survival.” Sadly, three months 
on, Opportunity’s persisting silence could mean grim news for 
the veteran robot. NASA isn’t about to give up in efforts to revive 
Opportunity, however, and space robot fans are channeling their 
hopes via social media for recovery through optimistic hashtags like 
#WakeUpOppy and #OppyPhoneHome. So, what are the chances of 
the 14-year-old Mars rover waking up from its slumber?

An unprecedented dust storm was detected on Mars in late 
May and it evolved to be a global monster. Plunging the surface 
into darkness, the dust-laden Martian atmosphere blocked out 
Opportunity’s lifeblood: the Sun. With no solar energy falling onto its 
panels, the rover’s batteries drained, and Opportunity fell into hiber-
nation. The last time NASA heard from Opportunity was on June 10.

Although the storm has abated, and sunlight is now reaching 
the Red Planet’s surface, engineers are now concerned that layers 
of dust have likely built up on the rover’s solar panels, limiting the 
amount of solar energy from reaching its hardware. NASA is now 
pinning hopes on a dust “cleaning event.” Before Opportunity and 
sister rover Spirit landed on Mars in January 2004, mission scien-
tists didn’t anticipate how helpful Martian winds would be to their 
solar-powered explorers. Intermittently through their mission, NASA 

would notice an uptick in power readings on both rovers, caused 
by the weak Mars winds blowing away excess dust. Also, swirling 
dust devils are thought to have played their part in prolonging 
Opportunity’s lifespan.

Will Mars winds save the day, clean its panels and give 
Opportunity a boost? Possibly. From November to January, 
Perseverance Valley (the region where the rover was exploring 
before shutting down) is expected to experience stronger winds as 
Mars enters its “dust-clearing season,” according to Opportunity’s 
team. Will the rover be able to communicate with NASA even if its 
solar panels are cleaned? For now, that answer is known only to the 
six-wheeled robot.

This rendering of Opportunity shows the rover exploring the Martian surface. [NASA/JPL-Caltech] 

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

https://www.jpl.nasa.gov/news/news.php?feature=7227
https://www.jpl.nasa.gov/news/news.php?feature=7227
https://www.jpl.nasa.gov/news/news.php?feature=7227
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space news

A Monster Lurks in the Early Universe

Astronomers using the powerful Atacama Large Millimeter/submil-
limeter Array (ALMA) high in the Chilean desert have zoomed in on 
a very peculiar galaxy at the dawn of the universe. Located a whop-
ping 12.4 billion light-years away, the monstrous COSMOS-AzTEC-1 
is like nothing we’ve seen before.

Thought to be the seed for the massive elliptical galaxies that can 
be found in the modern universe, COSMOS-AzTEC-1 is producing 
stars at a prolific rate. Known as a “starburst galaxy,” it is bizarrely 
unstable and producing stars at a rate 1,000 times that of what our 
galaxy can sustain. Central to a new study, published in Nature on 
Aug. 30, is ALMA’s ability to get a deep look at the galactic structure. 
The observatory was able to precisely observe the regions of star 
formation inside the galaxy, revealing a puzzle.

“We found that there are two distinct large clouds several thou-
sand light years away from the center,” said lead author Ken-ichi 
Tadaki, of the Japan Society for the Promotion of Science and the 
National Astronomical Observatory of Japan Tadaki, in a statement. 
“In most distant starburst galaxies, stars are actively formed in the 
center. So, it is surprising to find off-center clouds.” 

Tadaki’s team also uncovered a potential reason for COSMOS-
AzTEC-1’s star-forming frenzy: its molecular clouds are highly unsta-
ble. Stars are formed inside stellar nurseries of molecular gas, but 
over time, these clouds normally reach equilibrium. As the clouds 
collapse under gravity, stars are born. As those stars age, stellar 

winds and supernovas eject these gases, countering the inward pull 
of gravity. Although the initial phase of star formation is usually fast, 
it quickly reaches an equilibrium state where a steadier pace of star 
formation is reached. 

This scenario does not apply to this ancient galaxy, however. For 
reasons unknown, its star forming regions are very unstable and far 
from reaching equilibrium; its star formation has reached a runaway 
state. It appears nothing can slow it down and it’s estimated that all 
the gas in COSMOS-AzTEC-1 will be totally consumed in a mere 100 
million years—ten times faster than its other starburst galaxy cous-
ins.

This artist’s impression of COSMOS-AzTEC-1 shows the dense and bright concentrations of star forma-
tion as seen by ALMA. [National Astronomical Observatory of Japan]

https://www.nature.com/articles/s41586-018-0443-1.epdf
https://www.nature.com/articles/s41586-018-0443-1.epdf
https://www.almaobservatory.org/en/press-release/alma-observed-an-unstoppable-monster-in-the-early-universe/
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space news

Where Heavy Elements Are Forged

Astronomers have studied a gamma-ray burst (GRB) from 2015 to 
find that it was almost identical to the one last year that, through the 
near-simultaneous detection of electromagnetic and gravitational 
waves, was generated by the collision of two neutron stars.

The 2015 GRB, called GRB150101B, was originally pinpointed by 
NASA’s Swift Observatory while follow-up observations by NASA’s 
Chandra X-ray Observatory, Hubble and the Discovery Channel 
Telescope (DCT) in Arizona gathered more details about the event. 
After comparing GRB150101B with the Aug. 17, 2017, event (called 
GW170817), which also generated a gravitational wave signal that 
was detected by LIGO in the U.S. and the Italy-based gravitational 
wave observatory Virgo, astronomers have realized that both events 
were similar. 

GW170817 was a historic event. For the first time, an electromag-
netic signal (i.e. light) and gravitational wave signal were detected 
at almost the same time. Although the GRB revealed a powerful 
eruption 130 million light-years away, it was the gravitational waves 
it produced that helped astronomers realize that the GRB was trig-
gered by the collision and merger of two neutron stars. The com-
bined measurements of the electromagnetic and gravitational wave 
signals started a new era known as “multimessenger astronomy.” 
And now, using what they learned from GW170817, researchers 
think GRB150101B was also triggered by colliding neutron stars.

“Our discovery tells us that events like GW170817 and 

GRB150101B could represent a whole new class of erupting objects 
that turn on and off—and might actually be relatively common,” 
said Eleonora Troja, an associate research scientist in the UMD 
Department of Astronomy with a joint appointment at NASA’s 
Goddard Space Flight Center, and lead author of a new study pub-
lished in Nature Communications. 

Neutron star collisions generate a lot of energy, erupting with a 
kilonova. The powerful radiation emitted by the kilonova can be 
detected as a short gamma-ray burst. The interesting thing about 
kilonovas is that they are known to create heavy elements (through 
rapid neutron-capture process, or “r-process”). So now astronomers 
are on the trail as to what causes this certain type of explosion in 
deep space, they are also uncovering where and how heavy ele-
ments are forged.

An artist’s impression of the aftermath of a kilonova [NASA]

https://cmns.umd.edu/news-events/features/4253
https://cmns.umd.edu/news-events/features/4253
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Interstellar Invaders

The European Gaia mission was launched to help us get more 
familiar with the locations and motions of the stars in our galaxy, but 
astronomers have uncovered an extragalactic surprise in the space 
telescope’s data. 

In a new study published in the Monthly Notices of the Royal 
Astronomical Society, Dutch researchers describe their work to 
find hypervelocity stars in the Gaia Data Release 2 (GDR2) that was 
recently made available to the scientific community. Hypervelocity 
stars are stars that are traveling too fast to remain inside the gravita-
tional confines of the Milky Way and it’s thought that, of the hand-
ful that are known, they originate from the center of our galaxy. 
Through extremely dynamic interactions near the galactic center, 
these hypervelocity stars get flung away at high-speed to begin a 
journey that will ultimately launch them into intergalactic space. 

Using Gaia’s precision eye, the researchers hoped to find more of 
these stars speeding away into the dark, but instead found 13 hyper-
velocity stars speeding toward us!

“Rather than flying away from the Galactic center, most of the 
high-velocity stars we spotted seem to be racing towards it,” said 
study co-author Tommaso Marchetti, of Leiden University. “These 
could be stars from another galaxy, zooming right through the Milky 
Way.”

The bulk of the Milky Way’s hypervelocity stars are thought to be 
launched via extreme gravitational interactions with the supermas-

sive black hole (Sagittarius A*) in the center of our galaxy, but other 
mechanisms produce this rare type star. The incoming hypervelocity 
stars are thought to be created through similar processes in other 
galaxies and therefore carry information about where they came 
from, providing astronomers with an unprecedented opportunity.

“So, the presence of these stars might be a sign of such black 
holes in nearby galaxies,” said co-author Elena Maria Rossi, also of 
Leiden University. “But the stars may also have once been part of a 
binary system, flung towards the Milky Way when their companion 
star exploded as a supernova. Either way, studying them could tell 
us more about these kinds of processes in nearby galaxies.”

This diagram shows the positions and reconstructed orbits of 20 high-velocity stars, represented on 
top of an artistic view of our galaxy [ESA]

https://doi.org/10.1093/mnras/sty2592
https://doi.org/10.1093/mnras/sty2592
https://www.cosmos.esa.int/web/gaia/dr2
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space news

Judge: Thirty-Meter Telescope Will Call Hawaii Home

After four years of legal wrangling, Hawaii’s Superior Court has ruled 
that the Thirty-Meter Telescope (TMT) will be built atop Mauna Kea, 
the dormant volcano and highest peak in the state. The future of the 
$1.4 billion project has been in doubt since protesters represent-
ing Native Hawaiians interrupted the official ground-breaking for 
the telescope in 2014. Opposition against the TMT argued that the 
mountain was a cultural heritage site and demands to protect the 
summit from further development had been ignored when the per-
mit was granted in 2011. 

Mauna Kea is already home to a dozen international facilities, 
including the W. M. Keck Observatory, Japanese Subaru Telescope, 
NASA Infrared Telescope Facility, Gemini North Telescope and the 
United Kingdom Infrared Telescope. Opposition to any new con-
struction highlighted the number of observatories that have already 
been built there without full support of the Hawaiian people and 
consideration of sacred sites.

Further protests in April 2015 resulted in the arrests of 31 people 
and, in the following December, the courts invalidated the TMT’s 
original permit to build. This prompted the international TMT con-
sortium to begin eyeing alternative locations, with the Canary 
Islands being a leading contender. In the last few days, however, 
construction has been re-approved and Hawaii will be the TMT’s 
home.

“On behalf of the TMT International Observatory, we are grateful 

for the Hawaii State Supreme Court’s ruling that will allow TMT to be 
built on Mauna Kea. We thank all of the community members who 
contributed their thoughtful views during this entire process,” said 
Henry Yang, chair of the TMT International Observatory Board of 
Governors, in a statement.

Opposition campaigners aren’t surprised about the verdict 
and vow to keep up the pressure. “There will be resistance,” said 
Kahookahi Kanuha, a campaigner who was arrested in the 2015 pro-
tests that blocked the mountain’s access route.

When built, the TMT will have a 30 meter aperture consisting 
of hundreds of segmented mirrors sensitive to near-ultraviolet to 
mid-infrared wavelengths, nine-times more powerful than the Keck 
telescopes.   

This artist’s impression shows the TMT atop Mauna Kea. [TMT.org] 

https://www.tmt.org/
http://www.staradvertiser.com/2018/10/30/breaking-news/supreme-court-rules-in-favor-of-tmt/
https://www.hawaiinewsnow.com/2018/10/30/state-supreme-court-rules-favor-thirty-meter-telescopes-construction/
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Two Elizabethan-era scholars who studied astronomy had a 
curious fascination with libraries and what calendar should be 
used in England. 

In 1626 Thomas Lydiat (1572-1646) of Oxford asked Sir Henry 
Martin, Judge of the Court of Admiralty, for diplomatic passage “into 
Ethiopia, unto mount Amara, to know the truth of what hath been 
reported touching the Library there; and thereabouts to study divin-
ity, history, and astronomy.” He even petitioned King Charles I for 
safe passage.

Mount Amara first came to the attention of Europeans when the 
Portuguese Francisco Alvarez wrote of his travels between 1520 
and 1527. Even though he regarded it as a cold and uncomfortable 
place, its existence morphed through the decades in increasingly 
imaginative accounts. By the time Lydiat hoped to go there, a cen-
tury after Alvarez, it was said to house the world’s finest library. An 
English traveller of 1637, while in Rome, actually met a man who 
claimed to have been the librarian of Amara.

Lydiat never got to study the astronomical manuscripts he dreamt 
about. Even if had visited Ethiopia, he would have found exactly 
what Alvarez had found—a cold and desolate mountain. There 
never was a library of Amara.

This is not to say Lydiat was a fool. Far from it. In 1605, the 33-year-
old published a Latin book Lessons in Astronomy. When he was 51, 

Lydiat wrote to the mathematician Henry Briggs (1561-1630) that 
he had recently completed three “imperfect treatises of astronomy.” 
He determined first the obliquity of the ecliptic to be 23.5 degrees;  
second “the sun’s apparent anomaly and eccentricity”; and third “the 
place of the sun’s apogaeum” better known as the aphelion of the 

Of Books and Time
The Gregorian calendar was sanctioned by Pope Gregory in the 16th Century, but it took some time to be accepted.

A painting depicting Pope Gregory XIII being advised on the need for calendar reform, reforms that 
ultimately led to the establishment of the Gregorian calendar. [Public Domain (source)]

by Clifford J. Cunningham

annals of astronomy

https://www.lindahall.org/pope-gregory-xiii/
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omy. In 1628, he was of the opinion “astronomy 
would never be perfected” until observations 
were made south of the equator “and beyond 
the farther tropic.” This goal would not be ful-
filled until the observations of John Herschel 
from South Africa two centuries later.

Even though Lydiat envisioned a trip to 
Ethiopia to see a great library, there was one 
much closer to home. Unfortunately it was 
ransacked in 1583 when he was only 11. The 
famous library at Mortlake (in Richmond, now 
in greater London) was established by John Dee 
(1527-1608), subject of my column in the 2008 
Winter issue of Mercury. 

In early 2016 the Royal College of Physicians 
in London held an exhibit of books and artefacts that it holds from 
Dee’s library, including astronomical texts displayed from their col-
lection for the first time. These include a book on lunar and solar 
eclipses by Cyprian Leowitz (1556), Principles of Astronomy and 
Cosmography by Gemma Frisius (1553), a treatise on astronomical 
instruments by Sebastian Muenster (1534), a book on the trigonom-
etry of triangles by Copernicus (1542), and Astronomical Tables by 
King Alfonso X of Castile (1545). For the importance of the Tables, 
see my column in the 2011 Summer issue of Mercury. 

Dee and Lydiat are linked in their rejection of the Gregorian calen-
dar for England. Indeed, it was upon Dee’s advice to Queen Elizabeth 
that it was rejected in 1583. It was not until 1752 that the Gregorian 
calendar was finally adopted by England. 

CLIFFORD CUNNINGHAM was recently seen at the Vatican Observatory near Rome.

Earth. 
Nine years after he told Briggs about his 

research, Lydiat’s close friend Sir William Boswell 
advised him against publishing his astronomical 
observations. “I shall give you infallible reasons,” 
Boswell wrote, “against eccentricity of the Sun 
and show that your observations conclude not.” 
Good advice, as there is no such eccentricity.

Lydiat is best known for his chronological 
research: he believed a study of ancient his-
torians would permit their observations to be 
better aligned to prophecy. To reconcile discor-
dant chronologies of solar and lunar months 
in ancient sources, Lydiat in 1605 proposed a 
‘great period’ of 592 years. 

As motive for his (faulty) solar calculations, Lydiat was clear. “I am 
resolved against the bringing in of the Gregorian year and calendar 
into our country, to oppose my great Period,”  he wrote in 1623. The 
Gregorian calendar was sanctioned by Pope Gregory in 1582; as a 
Protestant Lydiat was against any form of papal influence, but the 
new calendar would also mess up his own chronological research! 

The importance of Lydiat’s astronomical and calendrical stud-
ies is that they were an essential source of information for Bishop 
James Ussher (1581-1656), who met Lydiat when he visited London 
in 1609. Ussher famously proclaimed in 1650 that the Earth (and 
indeed all of Creation) was born in 4004 BCE.  Belief in this date was 
a major element in man’s view of the cosmos for more than two 
centuries, retarding acceptance of scientific discoveries in geology, 
astronomy and biology (notably the true age of dinosaurs).

Aside from his misplaced efforts in chronology (a failure he shared 
with Isaac Newton), Lydiat correctly saw the way forward for astron-

The first page of the papal bull “Inter Gravissimas” by which Pope 
Gregory XIII introduced his calendar. [Public Domain (source)]

https://en.wikipedia.org/wiki/Gregorian_calendar
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research focus

by M. Katy Rodriguez WimberlyUDGs Are the Rarest of Galactic Pokémon
A strange type of ultra-diffuse galaxy (UDG) provides compelling evidence for the dark matter paradigm.

There are maybe as many different types of galaxies as there 
are Pokémon. There are the big, beautiful, and seemingly well-
behaved spiral galaxies, like NGC 1232. There’s fuzzy elliptical 

galaxies, like NGC 1132. We also see amorphous irregular galaxies, 
like the intriguing NGC 1569. Then there are the puffy “see through” 
ultra-diffuse galaxies, like NGC 1052-DF2. And this ghostly galaxy 
may be the most mysterious of them all.

An ultra-diffuse galaxy (UDG) is a very faint galaxy that’s spread 
out over a large physical space—hence “diffuse.” Some are so dif-
fuse that they can be physically as large as our own galaxy, the Milky 
Way, but only one percent as bright! Recent work by Yale University’s 
Pieter van Dokkum and colleagues has shed new light on this seem-
ingly rare species of UDG. (van Dokkum is, coincidentally, the recipi-
ent of the 2018 ASP Maria and Eric Muhlmann Award, see page 7)

Their research was made possible by the technological advance-
ments in our ability to observe very dim celestial objects—specifi-
cally using the Dragonfly Telescope Array. Follow-up observations 
were conducted at the W. M. Keck Telescope in Hawaii and the 
Hubble Space Telescope. These observations reveal that NGC 1052-
DF2 has 400 times less dark matter than predicted. 

As far as we know, every galaxy exists inside a halo of dark mat-
ter—think of it as an astronomical Pokéball, or a sphere of matter 
we can’t see but can gravitationally “feel.” The mass of a galaxy’s 

The ultra-diffuse galaxy, NGC 1052-DF2, is in a class of its own—about the same size as the Milky 
Way, yet only one percent as bright. [NASA, ESA, and P. van Dokkum (Yale University)]

https://www.pokemon.com/us/
https://ui.adsabs.harvard.edu/#abs/2018Natur.555..629V/abstract
http://www.dunlap.utoronto.ca/instrumentation/dragonfly/
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dark matter halo is determined through the observed and theoreti-
cal rotational velocities of the visible matter across the length of a 
galaxy. We observe rotational velocities that peak then stay constant 
throughout the galaxy while our models and theories say these 
curves should peak then decrease. The difference between the two 
curves (observed and modeled, see above) reveals the presence of 
an invisible mass, or dark matter—a mysterious physical thing that 
essentially adds gravity to a galaxy that makes the galaxy’s stars 
move differently. 

In fact, the large physical volume that NGC 1052-DF2 fills, com-
bined with the relatively low mass in its stars, aids the researchers’ 
ability to constrain the amount of dark matter the galaxy should 

contain. By measuring the velocities of 10 glob-
ular clusters spread throughout the galaxy, van 
Dokkum’s team determined the unusually small 
amount of dark matter mass that must comprise 
the galaxy’s dark matter halo. This is the lowest 
ratio of dark matter mass to visible matter mass 
known to date in any galaxy! Could this one 
ghostly galaxy change the way we think about 
the entire universe? How many of these mysteri-
ous galaxies exist? 

Even among the rare species of ultra-diffuse 
galaxies, NGC 1052-DF2 is rare! (It’s like the 
Mewtwo of galaxies!) Often, UDGs contain 
unusually high dark matter mass to visible mat-
ter mass ratios, so this exceedingly low ratio is 
a true anomaly. The authors point out that the 
existence of this dark matter-deficient galaxy 
strengthens the argument for dark matter! More 
precisely, it weakens the argument against dark 

matter theory competitors—namely Modified Newtonian Dynamics 
(MOND) and the emergent gravity paradigm. Both theories require 
that in every galaxy there is a detectable signature that is currently 
thought of as dark matter, so this weird dark matter-deficient galaxy 
may help the case for the dark matter paradigm! But, as the saying 
goes, more data are needed.

So, in the spirit of Pokémon, it’s time to search for, collect, and 
learn more about these rare galactic creatures. 

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.

This diagram shows a comparison of galaxy rotation curves: the difference between the measured and calculated rotational velocities 
is caused by the presence of a dark matter halo. [Queens University]

https://www.pokemon.com/us/pokedex/mewtwo
https://www.pokemon.com/us/pokedex/mewtwo
http://www.scholarpedia.org/article/The_MOND_paradigm_of_modified_dynamics
https://en.wikipedia.org/wiki/Entropic_gravity
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astronomer’s notebook

by Jennifer BirrielThe Next Transit of Mercury: A Year to Prepare
Observations of this relatively rare phenomenon offers both scientific and educational opportunities.

On November 11, 2019, all or part of the transit of Mercury will 
be visible throughout a good portion of the United States. 
If the weather holds, the entire event will be visible in my 

home state of Kentucky. As I thought about incorporating this event 
into my Fall 2019 physics courses, I wondered about the history of 
transits and the kinds of scientific research that might be achieved 
by observing Mercury’s transit.

Using his newly established laws of planetary motion in the early 
17th Century, Johannes Kepler predicted that both Mercury and 
Venus would periodically transit the Sun. A telescope is required to 
observe transits of Mercury and Kepler himself never witnessed such 
an event. French astronomer, Pierre Gassendi observed (and pub-
lished) the first transit event: that of Mercury in 1631. Mercury tran-
sits occur roughly thirteen times per century, while Venus has only 
transited the Sun eight times since the invention of the telescope.    

Scottish mathematician James Gregory made the initial proposal 
of using transits to measure the solar parallax in 1663, and English 
astronomer Edmund Halley devised a practical method to do so in 
1691. Halley knew that Venus, with its much larger apparent size, 
would be more useful for this purpose, but died 19 years before 
the 1761 transit of Venus. During that event, astronomers applied 
his method and determined the astronomical unit to be 95 million 
miles, not far off the modern value of 93 million miles. Today, stu-

dents can use the transit of Mercury to determine the astronomical 
unit with relatively inexpensive equipment.

Observations of the 1761 transit of Venus saw the first reports of 
the mysterious “black drop effect,” in which Venus assumes a tear-
drop shape as it makes contact with the limb of the Sun. Mercury 
also exhibits a black drop during transits, but to a lesser extent. 
Historically, the black drop effect limited the precision of solar paral-
lax measurements. Explanations for what causes it include turbu-
lence in Earth’s atmosphere, optical effects of the telescope, and the 

Mercury’s transit can be used to measure the distance between the Earth and Sun. [NASA]

http://sci.esa.int/education/57807-the-history-of-transits/ 
https://meetingorganizer.copernicus.org/EPSC2017/EPSC2017-31.pdf
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atmosphere of Venus. Notably, the effect was observed in space-
based observations in 2004 from NASA’s Transition Region and 
Coronal Explorer (TRACE), so atmospheric blurring could be elimi-
nated as a cause. It appears the black drop effect likely results from a 
combination of the point-spread function of the telescope, the solar 

limb-darkening effect, and halos that form around both the Sun and 
Venus. Observations of the 2019 transit of Mercury will likely include 
further studies of this interesting phenomenon. 

Transits provide useful information about the solar atmospheric 
structure and the solar radius. Measurements in both visual and 
hydrogen alpha filters are useful to determine the height of the 
hydrogen alpha region with respect to the solar photosphere.  
Additionally, accurate observations of the solar radius using transit 
events will ultimately provide useful information on the evolution of 
the Sun’s diameter.   

Transits also provide an opportunity to study Mercury’s exosphere 
(the uppermost region of its atmosphere that fades into the vacuum 
of space).  Mercury’s exosphere is usually observed in emission with 
specialized instruments, but transits provide a rare opportunity to 
study it in absorption. Observations of the sodium doublet line in 
absorption can provide information about the distribution of mate-
rial in the exosphere as a function of location (polar versus equator) 
and time (dusk vs. dawn). The 2019 transit will provide researchers 
the opportunity to study exospheric sodium during the opposite 
season as the 2016 transit. 

Not able to observe the November 2019 transit of Mercury? You 
can still capitalize on the excitement of the event in your curricu-
lum. Project CLEA has an online classroom activity on the transits of 
Mercury and Venus. The Jet Propulsion Laboratory has two related 
activities:  the “Pi in the Sky” site has a short activity entitled “Sun 
Screen” that examines the dimming effect of a transit of Mercury or 
Venus and “Exploring Exoplanets with Kepler” explores exoplanet 
transits around other stars. 

JENNIFER BIRRIEL is Professor of Physics in the Department of Mathematics & Physics at Morehead 
State University in Kentucky.

The black drop effect as depicted by Swedish chemist Torbern Bergman during the Venus transit in 
1761 [Philosophical Transactions 52, part 1 (1761), 227–228]

https://www.researchgate.net/publication/228709715_The_black-drop_effect_explained
https://www.researchgate.net/publication/228709715_The_black-drop_effect_explained
https://www.telescope-optics.net/diffraction_image.htm
http://spiff.rit.edu/classes/phys440/lectures/limb/limb.html
http://spiff.rit.edu/classes/phys440/lectures/limb/limb.html
http://adsabs.harvard.edu/abs/2005JRASC..99..170D
http://adsabs.harvard.edu/abs/2005JRASC..99..170D
http://www3.gettysburg.edu/~marschal/clea/Transitlab.html
https://www.jpl.nasa.gov/edu/teach/activity/pi-in-the-sky-3/
https://www.jpl.nasa.gov/edu/teach/activity/exploring-exoplanets-with-kepler/
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armchair astrophysics

by Christopher WanjekGRBs Have ‘Time-Reversed’ Pulses of Light
That’s some cosmic trick, but is it done with mirrors?

Do geese see God?  It’s the kind of question astrophysicist Jon 
Hakkila has been asking lately.  That and, “Was it a car or a cat 
I saw?”

No, Hakkila isn’t probing the metaphysical, nor are his eyes play-
ing tricks on him.  Rather, he and his colleagues based at the College 
of Charleston in South Carolina have discovered a rare property in 
the light signals of gamma ray bursts (GRBs): the light can look the 
same forward as it does backwards, as if it is some kind of grand 
cosmic palindrome.

(OK, I’ll pause here to allow you to read the lettering of those 
questions backwards.)

Much like a complex sentence, there’s little chance that a chaotic 
explosion of light would accidentally be a palindrome.  Sure, you 
can easily do it with simple words: mom, dad, radar, and so on.  But 
remember, GRBs are among the most powerful explosions known.  
These are signaling the birth of a black hole, either from the runaway 
collapse of a massive star or the merger of two neutron stars.

What Hakkila’s team essentially observed, in day-to-day termi-
nology, is a collection of gamma ray bursts that went into a house, 
turned the room lights on one by one, and then turned them back 
off in reverse order.  That’s different from a bell-shaped brightness 
curve in which the light grows more intense, peaks, and then starts 
to dim.  All explosions do that.  And it’s not the mirroring we see 

with gravitational lensing, in which the same image is seen reflected 
in different parts of the sky.

Rather, Hakkila’s group observed what physicists call “time-revers-
ible wavelike residual structures.”  If you think of each photon as a 
day of the week, with each one rightfully unique in its signature, 

This artist’s impression shows a gamma-ray burst erupt in a star-forming region, an event that reveals 
the collision of two neutron stars or the collapse of a massive star. [ESO/L. Calçada]
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then the brightest gamma-ray bursts appear like Sunday-Monday-
Tuesday-Wednesday-Tuesday-Monday-Sunday instead of Sunday 
through Saturday.

The phenomenon was most apparent in six bright GRBs first 
observed more than a decade ago with NASA’s Compton Gamma 
Ray Observatory, which Hakkila reanalyzed.  (How’s that for a blast 
from the past; Hakkila explained to me that Compton’s BATSE instru-
ment is in some ways better than two stalwarts working today, 
NASA’s Swift and Fermi, because it collected more and worked in a 
less noisy part of the spectrum, yielding a high signal-to-noise ratio.)

So, what’s causing the mind-bending, time-bending phenome-

non?  Rise to vote, sir.  Sorry, another palindrome.  But in short, nearly 
three months after Hakkila’s team published the observation in the 
August 2018 issue of the Astrophysical Journal, they are no closer to 
an answer.  

Whatever the cause, Hakkila said, it must point to the unique 
nature of the gamma-ray burst and the creation of a black hole.  
Black holes are capable of accelerating particles to nearly the speed 
of light, producing strong gravitational lenses and immense blast 
waves as they go, and any of these characteristics might make GRBs 
capable of altering pulse light curves in strange and exotic ways.

“Many variable astrophysical sources are repetitive,” Hakkila said.  
“Examples are pulsating variable stars, eclipsing binary stars, and 
stars with spots.  Some variable astrophysical sources are aperiodic 
or quasi-periodic ... None of these have been observed to produce 
time-reversible signatures.”

Robert Preece, a GRB expert at Department of Space Science at 
the University of Alabama in Huntsville, who was not part of the 
research team, said Hakkila’s analysis seems solid and the observa-
tion statistically sound.  He said he had two of his own “preferred 
models” to explain the observation.  Both imply that the GRB is car-
rying some sort of mirroring effect with it.

Preece said that “tidal tails” that wrap several times over the jet 
emission region might generate repeating structures or that “mag-
netic island domains” compressed by the outflow travel as “entrained 
blobs” to create the observed illusion of reversed time signatures.

Astrophysicists will need some time to sort this out.  In the mean-
time, I wonder if we should rename gamma-ray bursts as gamma-ray 
gusts. That’s GRG. 

CHRISTOPHER WANJEK Christopher Wanjek is a science writer based in Baltimore.  He is writing a 
palindrome-free book about living in space, to be published by Harvard University Press in mid-2019.

The near-synchronous detection of gravitational waves and electromagnetic radiation from a GRB in 
2017 created a new era of “multimessenger astronomy.” [NSF/LIGO/SSU/A. Simonnet]

http://iopscience.iop.org/article/10.3847/1538-4357/aad335/meta
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education matters

by Brian KruseFinding Some Lunar Inspiration
Stories of the Moon underpin human history—and the excitement it inspires will shape our future.

We humans love stories.  The best are the ones where we 
identify with the characters or events, or detail heroic 
deeds.  As a culture, we recognize past events and the 

characters who played important roles in them.  From an educa-
tional perspective, these events and stories serve to inspire young 
learners to aspire to something beyond the ordinary.  This year and 
next, enthusiasts and educators will honor two such events in the 
history of space exploration: the fiftieth anniversaries of the first 
humans who traveled to the Moon, and then set foot on its surface.  

The recently-released film “First Man” chronicles the history of 
lunar exploration, seen through the eyes of Neil Armstrong, the first 
human to personally experience what Buzz Aldrin called a “mag-
nificent desolation.”  In some ways the film also reminds us humans 
have not returned to the Moon since 1972—the later landings in 
some ways became “ordinary,” falling short of the inspiration we 
found in the flights of Apollos 8 and 11.  Much of our progress in 
science education has taken place with inspiration from, and in 
response to, the heroic deeds undertaken in pushing the boundaries 
of human knowledge and capabilities.  

A few years ago, the theme for the annual “International 
Observe the Moon Night” was “What does the Moon mean to me?”  
Expressing meaning can take a lot of forms, most of them in the 
form of stories.  Humans have long told stories about the Moon and 

Ryan Gosling plays Neil Armstrong in the blockbuster movie “First Man” that chronicles the NASA 
astronaut’s life and Apollo 11 mission to the Moon. [Universal Pictures/Dreamworks Studios]
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what it means to them, and their culture.  As we learn more about 
the Moon, it turns out the story incorporates much more than the 
personal or anthropomorphic aspects we impose on this object in 
the sky.  The story is one of exploration and science, as the Moon has 
its own story to tell about its creation and relationship to the solar 
system and beyond.  From this perspective, exploration is just learn-
ing the story a place has to tell.  And at this point in history we are 
starting to learn the language the story is in and discovering how to 
ask the right questions.

It is unknown who first looked up and pondered the Moon.  
There are no records.  As their art attests, the Moon was important 
to ancient peoples.  Cave drawings over 20,000 years old are the 

On Christmas Eve, Dec. 24, 1968, the crew of Apollo 8 transmitted footage from lunar orbit. [NASA]

first definitive representations of the Moon and its cycle of phases.  
Bone carvings from 10,000 years earlier have groupings of 29 dis-
tinct notches, possibly marking the days of the lunar cycle.   People 
needed to mark time, a means to predict the movements of the 
herds they hunted, and the ripening of the wild plants they gath-
ered.  As people started to live a more agrarian lifestyle it became 
necessary to track when to plant crops and harvest, or when to 
move livestock before the onset of winter storms.  The lunar cycle 
formed the basis for early calendars, an artifact we continue to use 
every “moonth.”

The importance of the Moon to early civilizations led to its inclu-
sion in their religions, with deities and celebrations tied to the Moon 
and its cycle.  People told stories about the Moon, attributing its 
presence and phases to the actions of gods and heroes.  They saw 
images in the pattern of craters and maria on the Moon’s surface, 
and imagined they were there to help in the telling of their stories.  
The Moon became important in the myths and legends and deeds 
of adventurers and monsters on Earth, as the Moon, particularly 
when full, brought on transformations both physical and psycholog-
ical. In our modern age we still tell such stories, and though gener-
ally recognized as fantasy, the Moon has a prominent role in many 
movies, with humans transforming into werewolves at the sight of 
the full Moon, and the light of the Moon having magical qualities.  
People continue to have a sense of the magical when finding them-
selves on a dark night lit only by the Moon.  Romantic scenes in real 
life as well as in film commonly involve a moonlit night.  The Moon 
is also associated with human psychological behavior, as we com-
monly refer to irrational acts as “lunacy.”

The story of the Moon emerging from modern science and the 
explorers, human and robotic, which have landed and/or orbited 
the Moon is every bit as exciting and fantastic as those our ances-
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tors told sitting around their fires.  In late December 1968, Apollo 
8, with a crew of three, orbited the Moon ten times and returned 
safely to Earth.  This success was followed with the landing of Apollo 
11 on July 20, 1969.  Both events have entered modern lore, with 
people remembering where they were when they watched the view 
of Earth from the Moon during TV broadcasts from Apollo 8, and 
the grainy images of Neil Armstrong’s first steps on to Moon.  Today, 
there are fewer people who were alive to see those events than were 
born after.  The days of human exploration of the Moon are now, for 
most of us, no longer a part of our personal stories.

When I was young, my father brought home from work a poster 
of a photograph with the caption “Historic First Photo of Earth from 
Deep Space.”  This image taken by the Lunar Orbiter 1 reversed the 
perspective we normally enjoy, showing a crescent Earth suspended 
above a lunar landscape.  While significant, this initial look at the 
Earth from space did not enter the collective human consciousness 
with the same depth as a similar image the astronauts aboard Apollo 

8 took a little over two years later.  
The Moon has inspired many people throughout history.  The 

Moon’s meaning to societies has evolved as technology and our 
ability to explore have become more sophisticated.  However, the 
meaning of the Moon to us as individuals has remained constant.  
For most of us the Moon is a place of wonder, an anchor and partici-
pant in the stories we tell and in our dreams.  The Moon is our first 
introduction to the wonders beyond Earth and has the potential to 
serve as the first step towards the universe.

At some point in the hopefully not too distant future, humans will 
again walk and work on the surface of the Moon.  Turning their gaze 
upwards, they will see the shining Earth in the black lunar sky and 
ponder.  As it turns out, the question that really matters is: what does 
the Earth mean to me? 

BRIAN KRUSE manages the formal education programs at the ASP.

This reprocessed photograph of the cresent Earth was orignally captured by NASA’s Lunar Orbiter 1 in 1966, two years before Apollo 8 arrived in orbit. [NASA]
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a little learning

by C. Renee JamesBack In My Day
It’s funny how advances in science force us to see—and teach—the universe differently.

It was bound to happen sooner or later. My “obviously wrong” 
answer to a multiple-choice question has become the right 
answer. And not just on one occasion, but on several. 
I’m not complaining, mind you. Scientific advancement marches 

forward, and many of the things that I used to imagine in some 
nebulous, enlightened future have actually come to pass. 

Take exoplanets, for instance. I still recall the announcement of 51 
Pegasi b in 1995 rather vividly. A planet had been discovered around 
a bona fide star, not a pulsar, as its predecessors PSR B1257+12B and 
PSR B1257+12C had been. I was teaching my first class at a com-
munity college that year, excited to include a new discovery in the 
curriculum. 

As a spectroscopist, I was comfortable with the idea of discov-
ering a planet by measuring subtle redshifts and blueshifts of its 
parent star’s spectrum, even if those shifts were ridiculously small. 
Detecting a planet as it blocked its Sun’s light sounded do-able…
eventually. But probably not anytime soon, I thought.

One thing that was definitely never going to happen, though, was 
directly imaging a planet. How could you possibly pick out a tiny, 
reflecting speck in the glare of a cosmic spotlight?

So, for several semesters, I had an exam question asking how 
astronomers discovered planets around other stars. Radial velocity? 
Yes. Direct imaging? Surely, you’re joking. By 2000, I had to begin 

incorporating the transit method of detection into my class, but I 
could still happily ignore direct imaging as a pipe dream.

There was a bit of a scare in 2004 as astronomers seem to have 
directly imaged a planet—2M1207b—orbiting a brown dwarf. It was 
possibly a sub-brown dwarf itself, perhaps more aptly described as a 
binary companion than a true planet. There was enough uncertainty 
about its identity that I felt safe ignoring it. 

This artist’s impression shows the hot Jupiter exoplanet 51 Pegasi b, the first world found to be orbit-
ing a main sequence star. [ESO/M. Kornmesser/Nick Risinger]
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Four years later, I could no longer pretend that astronomers had 
never directly imaged an exoplanet. Although it is still a rarity—only 
twenty or so of the nearly 4000 exoplanets discovered as of this writ-
ing have been directly imaged—it is not an impossibility. The “obvi-
ously wrong” answer … isn’t.

Such has been the case with other questions.  For nearly two 
decades, an obviously wrong answer to the question of how astron-
omers detect black holes was by observing gravitational waves. That 
one had to be revised in early 2016 when, in fact, LIGO scientists 
announced the detection of two black holes merging over a billion 
light years away. The feat was soon replicated, and once again my 
exam questions needed a revision.

These incidents, though, have affected only a tiny scrap of my 
content, requiring only incremental tweaks to the curriculum. In 

April 2018, though, my entire semester was thrown out of whack 
when Tom Brown and a team at Hubble’s Space Telescope Science 
Institute triangulated on stars in NGC 6397.

Or, as I like to call it, Bob.
Bob was originally named by my introductory astronomy students 

back in 2006, when I had finally succeeded in separating “stars and 
galaxies” from “solar system astronomy.” With extra time to explore 
just “stars and galaxies,” I could go deeper into how astronomers fig-
ure out what they figure out. And so, I went looking for an object to 
be the main anchor for the “stars” part. I wanted something photo-
genic, something with stars of obviously different colors and bright-
ness. I also wanted something that was well out of reach of our 
ability to measure parallax, requiring a foray into indirect distance 
determinations.

From all the images in the Hubble Space Telescope archive, NGC 
6397 inexplicably stood out, like a kitten catching my attention 
at the animal shelter. I wanted it to stand out to my students, too, 
though. The best way I could think to accomplish that goal was to 
have them name it, because, as with the kitten at the shelter, once 
you name it, you get attached to it. So, after using the tongue-trip-
ping moniker NGC 6397 a dozen times during the first few classes of 
the term, I would ask them to re-name it. 

The first semester it became Bob. Other names it has enjoyed 
include Sparkly Edward (think “Twilight”), Starburst, Squishy, Chuck 
Norris, Space Jam, Pop Rocks, Great Balls of Fire, and Ol’ Sparky, the 
ironically chipper name given to the electric chair now residing in 
the Huntsville Prison Museum, because according to the nomina-
tion, “We live in Huntsville, and this cluster will be the death of me.”

I’d like to say the students grow attached to NGC 6397, but 
truth be told, it’s more of a love-hate relationship, which is perfect 
because eventually we kill it. Stars don’t have infinite lives, after all, 

The first detection of gravitational waves in 2016 revealed the merger of two black holes, shown here 
in this simulation, rewriting the physics textbooks. [SXS/Caltech/LIGO]

https://www.spacetelescope.org/images/opo1824a/
https://www.spacetelescope.org/images/opo1824a/
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and once we go through all stellar evolution, we have a nice funeral 
for whatever name Bob is enjoying that semester. I even play suit-
ably sad music, and the students fill in a touching eulogy that covers 
all of stellar life and death. 

But we won’t be having a funeral for NGC 6397 anymore. It has 
died its final death. Tom 
Brown’s team made sure of 
that. Four weeks from the 
end of class, the announce-
ment that HST had been used 
to determine direct distance 
measurements—parallax—
for NGC 6397 came rolling 
through my newsfeed. All my 
discussions of spectroscopic 
parallax and main sequence 
fitting and other indirect 
ways of determining stellar 
distances suddenly became 
unnecessary. 

In my heart, I knew they 
would have eventually. The 
European Gaia mission was 
on track to flood us with 
positions and parallaxes and 
proper motions for over a 
billion stars, including things well beyond the distance of NGC 6397, 
but I wasn’t counting on that data deluge until after the semester 
was over. At that point, I figured I’d have an entire summer to pull 
out all references to NGC 6397 and replace them with images and 
color-magnitude diagrams of another cluster, one just out of reach 

of even Gaia. 
Scooping Gaia, Hubble didn’t give me the chance to say a proper 

goodbye to Bob. Er, I mean, Ol’ Sparky. Whatever its name was…
What it did provide, though, was the opportunity to show my 

students that I hadn’t been lying. At least, not about this. Using 
various tools in their distance 
determination toolbox, they 
had found that NGC 6397 
was 7,200 to 8,200 light 
years away, give or take. The 
reported parallax yielded a 
distance of 7800 light-years, 
with an uncertainty of only 3 
percent.

One of the key features 
of science that I pound into 
my students’ heads is that 
it makes predictions that 
can be tested. Maybe not 
tomorrow. Maybe not even 
in a year, or even in a decade. 
Heck, it took Einstein’s predic-
tion of gravitational waves an 
entire century to be directly 
tested. And yet astronomers 
had been making indirect 

measurements of gravitational radiation for four decades.
Although not the newsmaker that gravitational waves were, a 

direct measurement of NGC 6397’s distance had also been eluding 
astronomers for nearly a century. A southern hemisphere object, 
it barely peeks above the horizon for American and European 

Say hello to “Bob” (formerly known as NGC 6397). [NASA, ESA, and T. Brown and S. Casertano (STScI)]
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observatories. In 1918, Harlow Shapley, bolstered by the success of 
Henrietta Leavitt’s discovery of the period-luminosity relationship 
for Cepheids, tried to improve upon the map the Galaxy, or at the 
very least, the position of the clusters in it. Lacking enough photo-
graphic to construct the light curves for every cluster, Shapley tried 
to link other cluster features—its brightest stars and its diameter—
to its distance. Having come up with some kind of quasi-empirical 
relationship, he then went on to tabulate questionable distances to 
dozens of clusters. NGC 6397 was awarded the long, long distance of 

11,200 parsecs—a whopping 36,500 light-years! 
Unfortunately, like many of Shapley’s computed distances, this 

figure had to be reined in after some hefty systematic errors were 
accounted for. Reported by Shapley as one of the most distant 
clusters, NGC 6397 was eventually recognized to be one of the near-
est globular clusters to Earth. Revisiting the cluster in the 1960s, 
astronomers applied the entirely different method of main sequence 
fitting and found a more modest distance of 2,500 parsecs, or 8,150 
light-years. Improvements in our understanding of stellar evolution 
tweaked this figure up and down over the next few decades but 
hovered basically in that realm. 

Not that any of this rich observational and theoretical history mat-
tered to me in the slightest when I saw the image of shiny colorful 
stars on the HST website. I just knew the pretty colors would get 
my students’ attention, and we could go from wrestling with simple 
things like colors and apparent brightness to the deeper aspects of 
astronomy, like how to get distances without directly triangulating 
on something.

Thankfully, Brown’s team showed my students that those methods 
that might have seemed a bit sketchy were actually trustworthy. For 
a class like Astro101, this is a powerful lesson. 

But how could I ever replace NGC 6397?
Oh, looky. There’s another little shelter kitten attacking my shoe-

laces. 
What’s your collar say? 47 Tuc? 
I think we’ll call you Stella. 

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.Say hello to “Stella” (a.k.a. 47 Tucanae). [NASA, ESA, and STScI]

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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An Earthly Shadow on an Alien World

There was a little black spot on a near-Earth asteroid on Sept. 21, 
2018 when the dark shadow cast by Japan’s Hayabusa2 spacecraft 
was imaged on asteroid 162173 Ryugu from about 80 meters (260 

ft). The structure of the 6-meter (20-ft) -wide spacecraft with solar panels 
outstretched is clear against the rocky surface of Ryugu, a rubble-strewn 
asteroid some 336 million kilometers (208 million miles) from Earth.

Black areas at the upper left and right edges are where data packets 
weren’t received.

Moments after this image was captured, Hayabusa2 released the 
two cylindrical “hopping” MINERVA-II1 rovers to Ryugu, the first mobile 
rovers to land and operate on the surface of an asteroid. (See the cover of 
this issue of Mercury for a view from one of those rovers on the asteroid’s 
surface.)

The brightness of the asteroid’s surface in the area surrounding the 
spacecraft’s shadow is an example of the “opposition effect,” whereby 
the antisolar point (the area immediately ahead when the Sun is directly 
behind the observer) appears substantially brighter through backscatter-
ing of light by small-grained surface material.

If the observer is close enough—such as in the case of Hayabusa2 
here—their shadow will be visible at the center of the brilliant glow. 

JAXA’s 600-kilogram, ion-propelled Hayabusa2 launched from 
Tanegashima Space Center on December 3, 2014 and arrived at the 
1-kilometer (0.62-mile) -wide C-type asteroid Ryugu on June 27, 2018. It 
has successfully deployed three rovers onto the surface and will remain in 
orbit surveying the asteroid until Dec. 2019. It will then return to Earth, 
bringing a sample of Ryugu back to be delivered via a landing capsule in 
late 2020.

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 featured by 

The Atlantic, Astronomy Magazine, Science Channel, and NASA. You can 

find more of his work at  LightsInTheDark.com.

cosmic views
By Jason Major

https://www.LightsInTheDark.com
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The Gravity of Climate Change

The Antarctic Pine Island Glacier calved a huge block of ice in January 2017, the 
latest in a series of events that emphasize the glacier’s growing fragility. [USGS]

The GRACE Follow-On mission measures the effects of climate change 
through fluctuations in Earth’s gravitation, and prototypes a technique 
for the next generation of gravitational wave experiments.

By Matthew R. Francis
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Orbiting spacecraft are an essential tool for mapping worlds 
in the Solar System, providing information about everything 
from landforms to magnetic fields. Repeated monitor-

ing helps scientists measure variations in a planet as the seasons 
change. That’s particularly true for the world we know best, and one 
that is experiencing the biggest variations of all the planets: Earth.

The Gravity Recovery and Climate Experiment Follow-On 
(GRACE-FO) mission consists of twin space probes designed to 
measure Earth’s gravity to high resolution. That measurement is 
important for geology—seismic activity and other substantial shifts 
in Earth’s crust—but also for tracking shifts in water and ice around 
the world. Those variations help researchers measure the melting of 
polar ice, along with more subtle phenomena like the depletion of 
aquifers in western North America and India, for example. 

In addition to its essential work measuring ice melting and cli-
mate change, GRACE-FO will test a vital component of the Laser 
Interferometer Space Antenna (LISA), the planned space-based 
gravitational wave observatory that will continue the work of LIGO 
and its Earth-based observatories.

Launched earlier this year, GRACE-FO is the successor to the 
long-running GRACE mission. Both GRACE and GRACE-FO consist of 
two spacecraft orbiting Earth one after the other. This was also the 
model used for the Gravity Recovery and Interior Laboratory (GRAIL) 
mission, which mapped the Moon’s gravity during 2012 to study its 
internal structure. In a sense, these experiments are as basic as they 
come, relying on the fact that satellites in orbit are in something 
close to free fall—moving only under the influence of gravity.

“You can measure the effect of gravity by having two different 
bodies that are falling,” says Ira Thorpe of NASA’s Goddard Space 
Flight Center. “You measure the distance between them as they’re 
falling as a function of time, and you can use that to probe a gravita-

tional field.”
For both GRACE missions, the falling bodies are the satellites 

themselves. Fluctuations in Earth’s gravity—due to differences in 
density of rock from place to place, variations in ice thickness, and 
any number of other phenomena—pull the spacecraft very slightly 
differently. Each GRACE-FO spacecraft tracks the position of the 
other, and their relative distance taken over the course of their orbits 
reveals variations in Earth’s gravity to a high degree of precision.

“Most of the change in Earth’s mass distribution at this scale is 
due to water moving around the planet,” says Corinne Vassallo of the 
University of Texas at Austin. 

Much of that water comes in the form of melting polar ice, which 

The GRACE-FO mission launched atop a SpaceX Falcon 9 rocket on May 22, 2018, from Space Launch 
Complex 4E at Vandenberg Air Force Base in California. [NASA/Bill Ingalls]
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shifts mass from places like Greenland and Antarctica into the ocean. 
GRACE-FO can measure these changes in a global way, tracking both 
short-term—for example, the length of a winter—and multi-year 
trends. Combined with other data, GRACE-FO provides an essential 
measure of the effects of climate change, and its rate of increase.

A Massive Problem
On a human scale, gravity doesn’t vary much from place to place 

across Earth’s surface. If you compare the rate at which a ball drops 
in Bangladesh with the rate in Nepal, you’d require extremely precise 
equipment to measure any difference. However, those small varia-
tions are significant enough to be important for geology and hydrol-
ogy. 

Earth’s crust is thicker in some places than others, which means 
more mass in those spots—and a greater gravitational pull. The 
variations in this pull over the global average gravity is represented 
by the “geoid.” GRACE-FO examines even smaller variations, created 
by water as it moves from place to place.

For instance, the water locked up in Antarctic ice is concentrated 
on the continent and the surrounding ocean, where it forms the 
sea ice that, among other things, provides a home for penguins. 
When the continental ice melts thanks to climate change, the mass 
shifts from Antarctica and diffuses through the ocean. The result is a 
decrease in mass over the continent large enough to be tracked by 
GRACE-FO. This is complementary to other measurements, such as 
altimetry, where satellites or aircraft use lasers to measure the thick-
ness of ice sheets.

The GRACE-FO spacecraft follow a polar orbit, passing over the 
North and South Poles on each 94.5-minute orbit, as Earth rotates 
beneath them. As a result, they plot variations in gravity along 
north-south stripes, with far more detail in the polar regions where 
the trajectories of successive orbits are closer together. GRACE-FO 
maps the whole planet about once every 30 days, which is particu-
larly useful for measuring ice variation over the course of a year.

From Geology to Supermassive Black Holes
The original GRACE mission was one of the most successful space 
missions of all time: originally intended to last for a five-year mission, 
it persisted for more than 15 years, from launching on March 17, 

The Earth’s “geoid”—variations in our planet’s gravitational field have been mapped as vertical 
enhancements in this visualization of GRACE data. [GFZ]  
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2002 to the decommissioning of the spacecraft on Oct. 27, 2017. The 
GRACE Follow-On (GRACE-FO) spacecraft launched on May 22, 2018, 
with a projected mission length of five years. The extended mission 
is a partnership between NASA and German research institutions led 
by the German Research Centre for Geosciences (GFZ). 

The GRACE-FO spacecraft are 3.1 meters long, with a trapezoi-
dal cross-section, and the outer surface covered in solar panels. 
The average distance between the satellites is 220 kilometers (137 
miles) but fluctuates as gravity pulls the individual satellites away 
or toward each other. As with GRACE, the actual separation is deter-
mined by a two-way microwave ranging system, which also mea-

sures the relative speed of the spacecraft.
However, the Follow-On mission has an extra experiment: the 

Laser Ranging Interferometer (LRI). This also measures the spacecraft 
separation, but it’s a test of the same technology that will eventually 
be used in the LISA gravitational wave observatory, a project of the 
European Space Agency (ESA) with NASA collaboration. (LISA is cur-
rently on track to launch in the 2030s.)

“Missions like GRACE, instruments on the ground like LIGO, and 
instruments we hope to develop in space like LISA operate on the 
same basic principles,” says Thorpe, who is the lead NASA scientist on 
LISA. “GRACE [measures] the gravitational field of the Earth, and LISA 
will do that to probe the gravitational field that is being disturbed by 
gravitational waves that have been produced in the distant uni-
verse.”

Thorpe points out that many of the scientists who worked on the 
initial LISA design in the 2000s moved over to GRACE-FO when the 
LISA project was delayed. Now their expertise from GRACE will be 
used back on the gravitational wave observatory, providing a neat 
symmetry—if a somewhat unfortunate one, because of the long 
postponement. 

“Anything we can learn from GRACE-FO is relevant to what we 
want do for LISA,” Thorpe says, particularly referring to the types of 
experimental noise that the laser experiment experiences. 

The Gravity of Climate Change and World Peace
GRACE-FO hasn’t been operating long enough to produce new 
discoveries, but because of the similarity in design and mission, it’s 
picking up precisely where the original GRACE mission left off. The 
excitement of the Follow-On is tempered, though, by the serious-
ness of climate change.

GRACE determined that Greenland lost between 222 and 338 

This artist’s impression shows the twin GRACE-FO spacecraft in orbit above Earth, communicating via 
their microwave ranging system and Laser Ranging Interferometer (LRI). [NASA/JPL-Caltech]  
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billion metric tons of ice each 
year in the period from 2003 and 
2013, while glaciers in Antarctica 
lost 185 billion metric tons of ice 
each year from 2009 to 2012. For 
comparison, all the humans on 
Earth together weigh about 287 
million metric tons, so more than 
a thousand times the total mass 
of humanity is converted from 
ice to seawater—with a corre-
sponding rise in sea level.

Beyond ice, GRACE-FO can 
measure losses in groundwater 
and seasonal changes in river 
basins, such as the Amazon in 
South America. Those measure-
ments have profound impor-
tance to human infrastructure.

“GRACE-FO aids in monitoring 
Earth’s water resources,” says Vassallo, who applies machine learning 
to the data collected by the mission. “I’d like to see how we could 
assimilate GRACE-FO gravity fields with climate model data and 
meteorological data to provide monitoring of our resources in real-
time.”

GRACE-FO is unlikely to sway international politics one way or the 
other, but in an era when politicians either deny climate change or 
waffle over incremental solutions, real-time scientific data brings an 
immediacy to the situation. Vassallo says, “It is essential to life that 
we understand the current state of the water cycle. There are cred-
ible opinions that a third world war will be fought over water.”

Sir Isaac Newton chose the word “gravity,” previously used as a 
description of how serious something is, for the force causing apples 
to fall and holding the planets in orbit around the Sun.  Generally, 
gravitational physics is an abstract field, more the province of black 
holes and galactic structure, but GRACE-FO—and climate change—
bring the original serious meaning back to gravity. 

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.

How GRACE-FO measures Earth’s geoid:

Frame 1: When both spacecraft are over the 
ocean, the distance between the spacecraft is 
relatively constant.

Frame 2: When the leading spacecraft encounters 
land, the land’s higher gravity pulls it away from 
the trailing spacecraft, which is still over water.

Frame 3: Once the second spacecraft also encoun-
ters the land, it too is pulled toward the higher 
mass and consequently toward the leading 
spacecraft. As the lead spacecraft moves past the 
denser land mass, it is pulled back slightly by the 
higher gravity of the land.

Frame 4: When both spacecraft are over water 
again, the trailing spacecraft is slowed by land 
before returning to its original distance behind 
the leading spacecraft. [NASA]  

http://www.bowlerhatscience.org
http://www.twitter.com/DrMRFrancis
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Learning To Fly
NASA’s asteroid sample return mission OSIRIS-REx will require 

operators to learn new navigation skills on the job.

By Steve Murray

This artist’s impression shows NASA’s OSIRIS-REx carrying out its deep space 
maneuver in 2016 to put it on course for asteroid Bennu. [University of Arizona]
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The main objective of the NASA OSIRIS-REx mission will be 
realized in 2020, when the spacecraft gathers up a sample of 
asteroid Bennu. Operating so close to a body with virtually no 

gravity will be risky, so mission science and engineering teams will 
be cautiously exploring the asteroid before moving in for the final 
maneuver. There will be a lot to learn over the next few months as 
the spacecraft travels in company with asteroid.

 After two years of cruising in space, OSIRIS-REx began its 
approach phase in August, and will arrive at Bennu on Dec. 3. Things 
are already getting busy and the lessons are already starting.

Why Bennu?
NASA’s expansive goals for the OSIRIS-REx mission are wrapped in its 
name: A sample of pristine asteroid material could yield insights into 
how the solar system began (Origins); close-in scans of surface con-
stituents could help scientists calibrate data on asteroid composition 
gathered with ground-based instruments (Spectral Interpretation); 
isolating chemical and mineral components could help determine 
the feasibility of commercial extraction (Resource Identification); 
measurements of the solar forces acting on asteroids could gener-
ate better predictions about their orbits and their potential danger 
to the Earth (Security); characterizing the nature and distribution 
of surface material could yield new knowledge of how these bod-
ies came to be (Regolith Explorer). Achieving these goals, however, 
requires selection of just the right asteroid. 

Bennu has been comprehensively scanned at multiple wave-
lengths, and imaged by radar from Arecibo Observatory in Puerto 
Rico, since its discovery in 1999. It’s the most studied asteroid that 
hasn’t yet been visited by a spacecraft. Bennu was selected as the 
OSIRIS-REx mission target because it was at the right distance, it was 
the right size, and it had the right composition.

Bennu is one of fewer than 200 asteroids with fairly circular orbits 
aligned with the Earth’s orbital plane. This simplifies the design of 
spacecraft rendezvous paths.  Because these orbits can bring aster-
oids close to the Earth, scientists are also interested in studying 
them because they’re potentially dangerous to the planet.

Objects with diameters less than about 650 feet (200 meters) 
are considered too small to approach with a spacecraft because 
they spin too rapidly. Bennu has a mean diameter of about 1,614 
feet (492 meters) and a rotational period of about 4.3 hours, which 
mission planners considered slow enough for safe approach and 
contact. (Ryugu – the asteroid being explored by the JAXA Hayabusa 
2 spacecraft – has a diameter almost twice as big and a rotational 
period almost twice as long.)  

This artist’s concept shows OSIRIS-REx collecting samples at the surface of asteroid Bennu. [NASA  
Goddard  Space  Flight  Center] 
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Lastly, Bennu is a dark, carbonaceous B-type asteroid with a 
density similar to coal. Such asteroids are the most primitive bodies 
in the solar system and likely hold clues to its formation. Some may 
have brought water and organic material life – the building blocks of 
life – to the early Earth. Carbon materials in meteorites tend to burn 
up in the atmosphere, however, so finding samples on the ground is 
rare.  The asteroid offers an opportunity to bring back an uncontami-
nated specimen directly from space. 

The Mission Toolset
The OSIRIS-REx spacecraft was built by Lockheed-Martin and is 
operated from their Mission Support Area (SMA) in Denver, CO. 
Spacecraft systems aboard OSIRIS-REx can trace their lineage to 
previous Lockheed-Martin projects like MAVEN, Juno and the Mars 

Reconnaissance Orbiter (MRO). Even the OSIRIS-REx Sample Return 
Capsule (SRC) came directly from the Stardust mission. 

The Touch-And-Go Sample Acquisition Mechanism (TAGSAM) 
is the tool that will “deliver the goods” from Bennu. TAGSAM car-
ries a round sampling device at the end of an 11 foot (3.35 meter) 
articulated arm. When OSIRIS-REx eventually drops down toward 
he asteroid, the arm will push the device briefly against the surface 
and nitrogen jets will fire to stir regolith material up through its col-
lection chamber. The device is then pulled away after less than five 
seconds. Although the design has been well-tested, TAGSAM carries 
enough nitrogen for three sampling attempts. 

The rest of the spacecraft equipment suite consists of sensors 
needed to explore and characterize the asteroid before the final 
sampling event is carried out.  

Three instruments designed at the University of Arizona make up 
the OSIRIS-REx Camera Suite (OCAMS) that affords a range of imag-
ing capabilities. MapCam will first be used to look for outgassing 
dust plumes and small moonlets near Bennu that could be hazard-
ous to the spacecraft during its approach. It will later build maps of 
the asteroid and image the sample site. PolyCam is a telescopic cam-
era for high-resolution work, while SamCam is optimized to continu-
ously document the sample collection process. 

The Touch-And-Go Camera System (TAGCAMS) includes two 
redundant Navigation Cameras (NavCams) to track surrounding 
star fields and landmarks on he asteroid and provide the preci-
sion navigation needed for accurate positioning. A third TAGCAMS 
instrument, StowCam, will be used to confirm storage of the regolith 
sample, once collection is complete. 

Spectrometers are an important addition to the mission sensor 
suite. “That’s the ‘Regolith Explorer’ part,” says Bashar Rizk, Senior 
Staff Scientist at the UA Lunar and Planetary Laboratory (LPL), 

Humanity will soon have a chance to compare and contrast the asteroids Bennu and Ryugu as the two 
missions explore them and return samples to Earth. [University of Arizona] 
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OSIRIS-REx Co-Investigator, and instrument scientist for OCAMS. 
“We’ve augmented the spacecraft with high-performance spectrom-
eters that will hopefully allow us to validate or disprove theories 
about the asteroid’s origin. We can find out more about regolith 
genesis than we could using only imaging cameras.” The OSIRIS-REx 
Thermal Emission Spectrometer (OTES) will be used to character-
ize the mineral composition of the surface and to generate thermal 
emission maps to help evaluate candidate sample sites. The OSIRIS-
REx Visible and IR Spectrometer (OVIRS) will work with OTES to 
characterize candidate sample sites. OTES data will also be used to 
model the Yarkovsky Effect, the slight push created when an asteroid 
absorbs sunlight and re-emits the energy as infrared radiation. A 

small force but, acting over a long time, can perturb orbits of small 
bodies like meteors and asteroids, moving them into the inner solar 
system or closer to the Earth.  

A collaboration involving over 50 students at the Massachusetts 
Institute of Technology (MIT) and Harvard University is responsible 
for developing the Regolith X-ray Imaging Spectrometer (REXIS). The 
instrument will come into play later in the mission timeline generate 
an X-ray spectroscopy map of Bennu.

Finally, the Canadian Space Agency (CSA has sponsored the 
OSIRIS-REx Laser Altimeter (OLA), a LIDAR that will continuously scan 
the asteroid surface and help the mission team develop gravitational 
models and navigation strategies. 

How the Yarkovsky Effect acts on an asteroid: Sunlight heats up the surface and infrared radiation is emitted by the asteroid, forcing it to spin. [University of Arizona]
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Some Early Events
OSIRIS-REx has been traveling for two years, a journey that included 
an Earth gravity assist about a year after launch. In that time, it’s 
already been working for science. “We operated our cameras during 
cruise to look at stars,” says Rizk. “They’re not optimized for star-field 
imaging but that’s your target when you’re traveling through inter-
planetary space.” MapCam took about 135 color images each day 
during an eleven day period in February 2017, looking for Earth-
Trojan asteroids as it passed through the Earth L4 Lagrange point, 
and PolyCam imaged Jupiter and three of its moons during that 
same month.

“The focal planes on these cameras can degrade in space due 
to radiation damage from high energy particles from the sun and 
other sources,” says Rizk. “We track that in case we have to tweak 
certain calibrations such as the flat field we gathered on the ground. 
Although we’ve noticed changes in the camera in space, everything 
is still going very well.”

The OSIRIS-REx approach phase began in August when the space-
craft captured its first image of Bennu from more than 1.3 million 
miles (2 million kilometers) away. The tempo on the ground picked 
up as the science and engineering teams began a preliminary survey 
to learn everything they could about the asteroid and its environ-
ment. On October 1, Lockheed-Martin controllers executed the 
first of four planned burn maneuvers to fine-tune the spacecraft 
approach trajectory toward Bennu. Two people at the center of 
these maneuvers are Mark Fisher, OSIRIS-REx Spacecraft Engineer, 
and Olivia Billett, OSIRIS-REx Spacecraft Lead for the Science Phase. 
“We’re screaming up on this asteroid and trying to approach it as 
safely as we can,” says Fisher. “Our first maneuver burn was specifi-
cally to take out a lot of the speed difference between us and the 
asteroid.” The first burn was designed to reduce the closure rate 

toward the asteroid from about 1,100 mph (491 m/sec) to 313 mph 
(140 m/sec).

Controllers have to start preparing well in advance for such trajec-
tory corrections. “Even though these maneuvers have been planned 
since the initial mission design,” says Billett, “operational preparation 
for a maneuver of this size begins four to five weeks out. We then 
build and test it about three weeks ahead of execution.” Validation 
testing of spacecraft maneuvers is performed on platforms that 
include both engineering hardware and simulations. 

 “There’s another burn in two weeks to finalize our corridor up 
to Bennu before we begin asteroid operations,” adds Billett, “so it’s 
a fairly intensive navigation period for the next two months.” The 
complete sequence of planned control burns will reduce the final 
spacecraft approach speed to less than .09 mph (4 cm/sec).

The LPL science team in Tucson and the Lockheed-Martin opera-

Olivia  Billett, OSIRIS-REx Science Phase Spacecraft Lead, monitors mission progress from the main 
Mission Support Area. [Lockheed-Martin] 
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tions team in Denver are integrated 
more tightly than most other 
planetary missions; there are simply 
too many unknowns about flying 
around the asteroid to support 
a sequential or hierarchical task 
flow.  “One of the unique aspects 
of this mission is that it’s run out of 
a university and the science team 
has an operational role,” says Rizk. 
“We’ve tried to streamline the work 
between the scientists and engi-
neers, and it’s been a happy mar-
riage so far.” Coordination requires 
fast information loops and efficient 
information routing. The Deep 
Space Network, for example, feeds 
OSIRIS-REx data directly to the LPL, 
even before routing it to the rest of 
NASA. 

Moving Up Close
Once it arrives at Bennu, OSIRIS-REx 
will begin what is known as prox-
imity operations, or ”prox ops.” The ultimate goal of this phase is to 
find sampling sites that are safe and that offer a high probability of 
collecting a meaningful sample. Accomplishing this, however, will 
require station-keeping in close quarters to a body about the size 
of the Empire State Building (and with about the same amount of 
gravity), so much of the mission timeline will be spent learning how 
to control the spacecraft in those conditions. “The first thing we do is 

determine the asteroid’s shape and 
derive a gravity field from that, says 
Rizk. “Then we confirm our ability 
to take an orbit around this thing. 
When we do take an actual orbit, we 
can start short-listing sample sites.” 

About half of the forces acting 
on the spacecraft will come from 
charged particles of the solar wind 
and the pressure of sunlight itself 
reflecting off of the asteroid. Those 
pressures push the spacecraft away, 
but controllers won’t be able to 
assess their effects until the space-
craft actually gets there.

“We’ll have to do much smaller 
and more variable maneuvers as 
we get closer to the asteroid,” says 
Billett. “That’s when we’re going to 
need up-to-the minute data from 
our navigation team to feed onto the 
spacecraft. Because that’s risky, we’ll 
be modifying the size and direction 
of each burn within twenty-four 

hours of executing it. And we could keep that pace going through-
out the entire two years of proximity operations.”

Orbital insertion will occur on Jan. 1, placing OSIRIS-REx between 
5,000 and 6,500 feet (1.5 and 2 kilometers) from the surface of 
Bennu. It will be the closest that humanity has ever orbited a body 
with a spacecraft.  Orbits will be confined to the terminator plane 
(i.e., moving perpendicular to the axis between Bennu and the sun) 

The asteroid characteristics that led scientists to the selection of Bennu. [University of Arizona]



VOL. 47 NO. 4
FALL 2018 41

TABLE OF CONTENTS

to ensure good data connectivity and to balance the effects of solar 
radiation pressures. During its first month at the asteroid, OSIRIS-REx 
will make a total of five passes over the north pole, the equator, and 
the south pole to help mission scientists establish its mass, refine its 
spin state model, and generate a high-resolution model of its shape. 

OSIRIS-REx will drop down to 3,000 feet (1 kilometer) in April 
2019 for another orbital period. The spacecraft will be flying at an 
altitude lower than most general aviation aircraft fly on Earth.  Over 
the next two years, operations will be conducted as low as 800 feet 
(240 meters) from Bennu to map the surface in more detail. These 
later surveys will allow controllers to shift from star-based to land-
mark-based navigation, to prioritize candidate sample sites, and to 
rehearse approach maneuvers in advance of the real thing.  

The Big Finish
Several checks are included in the mission design to ensure that 
enough material has been gathered. Two cameras will provide visual 
confirmation of sample recovery and storage, and scientists will 
measure the angular acceleration of the spacecraft before and after 
collection to evaluate how much mass has been picked up.

Although 2 ounces (60 grams) of material would count as basic 
mission success, development tests of the TAGSAM design showed 
that it could gather much more. The OSIRIS-REx team is hoping to 
recover an impressive 4.4 pounds (2 kilograms) of Bennu regolith – 
the largest sample of extraterrestrial material returned since 1976, 
when Luna 24 brought back 170 grams of moon soil.  The sample 
will arrive back on Earth in September 2023, when OSIRIS-REx will 
eject the SRC into the atmosphere and then continue into a solar 
orbit.

Collaborations are strong within the small asteroid exploration 
community. The NASA OSIRIS-REx and JAXA (Japan Aerospace 

Exploratory Agency) Hayabusa 2 programs have been sharing sci-
ence and engineering expertise for years, and both agencies will 
share their respective samples after they’re recovered. NASA is also 
providing some of their sample to the Canadian Space Agency, but 
the majority (75%) of Bennu regolith will be set aside for study by 
future scientists armed with improved methods and tools, and ask-
ing questions that no one has yet thought to pose. 

All of these achievements, however, will depend on the naviga-
tion and control skills developed by the spacecraft teams over the 
next few months as they gingerly test the effects of maneuvering 
around a small asteroid.  Things are getting busy for OSIRIS-REx. 

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.

Mark Fisher (left), OSIRIS-REx Spacecraft Engineer, reviews mission data in the main Mission Support 
Area. [Lockheed-Martin]

http://stevemurrayink.com
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Saturn’s Six-Sided Storm
New analysis from Cassini stirs up even more intrigue around the 

hexagonal jet stream in the Ringed Planet’s enigmatic atmosphere.

By Tracy Staedter

This image of the north pole of Saturn shows a high-resolution view of the planet’s hexagon 
that NASA’s Cassini mission captured in 2012. [NASA/JPL-Caltech/SSI/Hampton University]
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When the Voyager 1 and 2 spacecraft flew by Saturn in 
the early 1980s as part of their mission to study the 
outer solar system, they found something extraordi-

nary: a 20,000-mile-wide vortex at the Ringed Planet’s north pole 
with a hexagon-shaped boundary. In the 1990s, the Hubble Space 
Telescope imaged the hexagon, too. And then, in 2004, the Cassini 
space probe arrived at Saturn, and for 13 years orbited the planet, 
recording images with a variety of instruments. Recent analysis of 
some of the data indicates that the hexagonal feature might be a 
wall of invisible wind hundreds of miles tall. Remarkable as it is, the 
discovery has stirred up even more intrigue around an atmospheric 
structure not seen anywhere else in the solar system. 

 
Seeing With Heat
The data for the discovery comes from Cassini’s Composite Infrared 
Spectrometer, or CIRS, an instrument designed to split infrared 
light into different wavelengths and to measure the temperature 
of Saturn’s atmosphere at different depths. Those details reveal the 
differences in temperature and the locations of chemicals in Saturn’s 
atmosphere. 

“We can use Cassini’s eyes across all of the these different wave-
lengths to reconstruct the atmosphere—the temperature and distri-
bution of chemicals—as a function of height,” says Leigh Fletcher, a 
research fellow in the Department of Physics and Astronomy at the 
University of Leicester, UK, lead author of a study published in the 
journal Nature Communications. 

That information hadn’t been available previously. Back when the 
Voyager spacecraft and Hubble had photographed the hexagon at 
Saturn’s north pole, they used visible light cameras, which captured 
the strange shape in the planet’s swirling cloud tops. Scientists 
regarded the structure as a jet stream, a river of air moving through 

Saturn’s lower atmosphere, or troposphere, at a speed of about 320 
kilometers per hour (200 miles/hour). Not much was known about 
the atmospheric layers that extended above the troposphere to the 
edge of space, nor the gaseous layers that extended below the tro-
posphere toward the planet’s core. When Cassini entered into orbit 
around Saturn on July 1, 2004, Saturn’s atmosphere began to come 
into focus. 

Immediately, the spacecraft began using its arsenal of instruments 

This striking grey scale view of Saturn’s north pole shows the almost perfect hexagon vortex etched 
into the gas giant’s atmosphere, as seen by Cassini in 2016. [NASA/JPL-Caltech/SSI]

https://www.nature.com/articles/s41467-018-06017-3
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to map the entire planet. At the time, Saturn was experiencing 
winter at the north pole and summer at the south pole. The infrared 
spectrometer went to work, capturing a warm, circular vortex at the 
southern pole. It looked like a circular jet stream and did not have a 
hexagonal boundary. Because of the frigid conditions at the north 
pole, however, the infrared spectrometer could not collect enough 
thermal photons to build up an image. “It’s like taking a photograph 
in the dark,” Fletcher tells Mercury. 

 
Hexagonal Two-fer
Years passed by and slowly, the planet, which orbits the sun once 
every 30 Earth-years, began to enter a new season. By 2014, the 
northern hemisphere was moving into late spring. The atmosphere 

was warming, and the infrared spectrometer 
began to light up with data. Later, when 
Fletcher and his team analyzed the data, 
they saw tell-tale signs of the tropospheric 
vortex with its hexagonal boundary but 
were surprised to see a similar structure tak-
ing shape in the stratosphere 300 kilometers 
(185 miles) above the cloud tops. It was 
unclear whether the stratospheric hexagon 
was another jet stream independent of the 
one 300 km below in the troposphere, or if 
it was connected to it. If it was connected, it 
could be a wall of wind towering hundreds 
of kilometers into the atmosphere. Amazing. 
A similar structure has never been seen any-
where else in the solar system. 

The discovery raised other questions, 
too, adds Fletcher. Does the stratospheric 

hexagon form only in the summer, or was it there all along, but in an 
atmosphere too cold to be imaged with the infrared spectrometer? 
And if the structure extends from the troposphere into the strato-
sphere, does it also dive deep into the high-pressure, high-temper-
ature gas layers beneath? Unfortunately, Cassini wasn’t designed 
with instruments that could collect data to answer those questions. 
On Sept. 15, 2017, the spacecraft’s mission ended with a final plunge 
into the Ringed Planet, which had been its sole companion for 13 
years.  

“It’s frustrating to think that the end of Cassini’s mission means 
that there are many questions that we didn’t have the chance to 
properly answer,” says Fletcher. “We may not know for years to come 
whether the weather we see in the cloud tops is spontaneously 

Saturn’s north pole was imaged by Cassini’s Composite Infrared Spectrometer (CIRS) from 2013 to 2017 as the northern hemisphere warmed. 
The shape of the hexagon grew more pronounced as the north pole entered summer. [NASA/JPL-Caltech/MSSS]
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forming at that level or being driven by something else deeper 
down in the atmosphere of Saturn.”

 
Lucky Number Six
One of the biggest outstanding questions is why the hexagonal fea-
ture at Saturn’s north pole is shaped like a hexagon. Why not a circle? 
A square? A star? If you could unclasp the curvy path of wind from 
around Saturn’s neck, and hold it out like a necklace, it would look 
like a sine wave. Six troughs, six crests. For a jet stream, that kind of 
consistency is unusual. The paths of jet streams on other planets, 
including on Earth and Jupiter, chaotically fluctuate and continu-
ously change their shape. 

“Some of them look like breaking waves. They curl up on them-

selves,” says Kunio Sayanagi, Associate Professor of Planetary Science 
at Hampton University in Hampton, VA.  

According to Sayanagi, Saturn’s hexagon forms when the jet 
stream, blowing eastward around the planet, flows along the sine 
wave path. As it does, the jet shifts toward and away from the north 
pole six times, centered on the 75-degree north latitude line. The 
amplitude of this north-south oscillation exactly matches the cur-
vature of the planet’s round surface, which makes the otherwise 
curvy poleward excursions of the sine wave appear straight. If the 
amplitude of the oscillation toward and away from the pole were 
bigger, the jet stream would look star-shaped. If the amplitude were 
a bit smaller, it would look like a rounded hexagon. If it were much 
smaller, it would look a circle. “We don’t know what’s tuning the 
amplitude to be that way,” says Sayanagi.  

It could be winds beneath the jet stream. It could be the depth of 
the jet stream. It could be the width of the jet stream. In computer 
simulations, Sayanagi and his colleagues showed that by changing 
the width of the jet stream, they could adjust the number of crests 
and troughs. “We could tune it between a square and a 12-sided 
dodecagon,” he says.  

But questions still remain. New insights could come from an 
entirely different planet: Jupiter. Since 2016, NASA’s Juno spacecraft 
has been orbiting Jupiter to study its gravity, magnetic fields, atmo-
spheric dynamics and composition, and evolution. What scientists 
learn there will likely add to what Cassini taught us about Saturn, 
and ultimately inform what we know about Earth’s atmosphere. 

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.

This false-color image compiled from NASA Cassini observations highlights the storms churning inside 
Saturn’s north pole hexagon. [NASA/JPL-Caltech/SSI]
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reflec tions
By Ian O’Neill

The Bouncing Boulders of Ceres

Earth has them, Mars has them, the Moon also has them. And now, thanks to NASA’s 
Dawn mission that has just concluded its mission to Ceres (read my editorial on page  
3), we know that the dwarf planet has them, too. We’re talking run-of-the-mill, 

down-to-earth boulders. Particularly boulders that have been on the move. Yes, bouncing 
space boulders.

Shown here in a recent close-up Dawn observation of Ceres’ dusty landscape from an 
altitude of only 28 miles (45 kilometers), tracks of large rocks down a crater rim are evi-
dent. How these boulders became dislodged is open to debate—was it seismic activity? 
A meteorite impact? Cryogenic activity?—but the tracks are there, definitive proof that 
this little world is far from being a frozen, static place. 

When I first saw the stunning high-resolution images from NASA’s Mars Recon-
naissance Orbiter (MRO) of boulder tracks scarring the slopes of Martian craters, I was 
captivated. Earth and Mars share many landscape features and we know that Mars 
exhibits evidence for some very Earth-like geology. And now Ceres has joined the club; 
yet another reminder about how dynamic and active even the smallest worlds in the 
Solar System can be.

Credit: NASA/JPL-Caltech
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