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Hendricks Family Pledges
Major Gift Toward Completion
of DCT

DCT: A Status Report
by Bob Millis

By Bob Millis

In mid March, Lowell Observatory announced receipt of a
$5 million gift in support of the Discovery Channel Telescope
from the John and Maureen Hendricks family. This latest gift
is in addition to the family's earlier $1 million contribution to
the project. Mr. Hendricks, a long time member of the Lowell
Advisory Board, is Founder and Chairman of Discovery
Communications, Inc. a global media company based in Silver Spring, Maryland. Among DCI's cable television brands
are the Discovery Channel, Animal Planet, Discovery Health,
and the Science Channel. "In recognition of this truly generous gift, the existing Planetary Research Center at Lowell
Observatory will be renamed the Hendricks Center for Planetary Studies," said Lowell Trustee William Lowell Putnam.

John Hendricks, Founder and Chairman,
Discovery Communications, Inc.

In the cover letter accompanying their additional commitment to the telescope project, Mr. and Mrs. Hendricks said,
"We are grateful to be in a position to assist Lowell Observatory in advancing basic science research in the enormously
important field of astronomy." Certainly, the Hendricks family and Discovery Communications, Inc. have been key to
enabling a small observatory like Lowell to acquire a modern
large telescope. The last telescope of this size to be built, the
4.2-m SOAR Telescope in Chile, is a joint project of two major U.S. research universities (U. North Carolina and Michigan State), the National Optical Astronomy Observatories
(NOAO), and the nation of Brazil. All of us at Lowell are
tremendously grateful for and energized by the remarkable
support and encouragement we have received from John
Hendricks and his family.

Flipping the DCT mirror (University of Arizona)

Progress on the Discovery Channel Telescope has continued smoothly in recent months. Thanks to the timely installation of a temporary cover on the observatory building and
arrival of commercial electrical power in January, work at the
summit has been little affected by winter weather. At this
writing, the observatory building has been wired, plumbing is
nearing completion, and insulation and drywall are essentially
complete. Similarly, the mirror coating building on the summit and the workshop/garage at the Happy Jack Ranger station are very near completion.
Meanwhile, at the University of Arizona College of Optical
Sciences in Tucson, steady progress has been made towards
commencement of figuring and polishing of the DCT primary
(continued on p. 2)
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HISTORY AND OUTREACH

mirror. In addition to much analysis and design work, the
U.A. staff have modified their largest polishing machine to
give it the capacity to accommodate the DCT mirror. The
mirror itself was recently flipped over in its custom shipping
container in preparation for attaching multiple support points
to the backside of the mirror.

Steve Ruff, Volunteer Extraordinaire
By Kevin Schindler

During Steve Ruff’s nearly three decade’s as a teacher, he
loved telling stories, especially when teaching history to his
middle school students. History itself is a string of stories
that the effective teacher ties together with common themes,
and Steve found that his passion for spinning a tale was perfect for keeping the interest of students. It is this passion that
makes Steve such an effective and popular docent at Lowell.
Steve originally hails from the South, having grown up in
Decatur, Georgia. He attended Georgia State University,
earning a bachelor’s degree in business management. After
graduation, he enlisted in the Army, serving from 1971-1975.
Attending both artillery and airborne school, Steve ended his
military career as a captain.

Workshop/Garage at the Happy Jack Ranger Station

With facility construction and work on the primary mirror
well in hand, additional staff have been hired to work on other
major components of the project including development of
the telescope control system and managing detailed design
and construction of the dome and the telescope mount. Three
experienced engineers – Paul Lotz, Tomas Chylek, and Alex
Venetiou – have been hired. These three join Project Manager, Byron Smith; Mechanical Engineer, Heather Marshall;
Project Scientist, Tom Bida; and Administrative Manager,
Kim Westcott. The project is on track for commissioning of
the telescope in 2010.

Steve Ruff, in the Steele Visitor Center

DCT building under cover for inclement weather.

Back in Georgia, Steve learned that a local math and science teacher had walked off the job. Without any formal
training, Steve filled in for the teacher and his career was
born. He went back to Georgia State and earned a master’s
degree in education. After a five-year stint teaching in Georgia, he moved to Virginia, where he spent nearly 25 years as a
middle school teacher.
During his time in Virginia, he met Jan Wolfe, then the
Education Officer at the Smithsonian National Air and Space
Museum. They married in January 1987 and continued to
work and live in Virginia. Later, when Jan was Public Affairs Officer at Goddard Space Flight Center, she and Steve
met Gene and Carolyn Shoemaker during events centering on
the Comet Shoemaker-Levy 9 impact. The couples soon became good friends and kept in contact, even though they lived
a couple thousand miles apart.
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In the late 1980s, Jan was in Flagstaff giving a colloquium
at Northern Arizona University. She and Steve fell in love
with the area, and started vacationing here. On these trips,
they often visited Lowell Observatory and became enamored
with what Steve calls, “the little Observatory that could.”
When it came time for Steve and Jan to retire, they decided
Flagstaff was the perfect place. They moved here in April
2004 and built a house near Carolyn, who they had grown
even closer to after Gene’s death in 1997. Carolyn even insisted that Steve and Jan live with her while their house was
being built.
In June 2004, Carolyn, also a former teacher, came home
from working at Lowell, carrying a volunteer application for
the Public Program. She told Steve that he should volunteer
at Lowell, where he could satisfy his passion for teaching. He
was soon on board and giving tours. Steve excels in becoming personally acquainted with visitors, which helps explain
his success at recruiting new members to the Friends of
Lowell Observatory. In his two plus years at Lowell, Steve
has volunteered more than 800 hours working in the gift shop
and giving tours, using the same approach as he did for teaching – telling stories. He is a valuable asset to the Observatory, and we are lucky to have him as a member of the staff.

Sam’s engineering skills proved useful to Lowell Observatory as well. During Sam’s only visit to the Observatory, I
brought him to our research site, Anderson Mesa, and asked
him to determine the cause of the cracking masonry atop the
dome housing the 42-inch Hall Telescope. After rotating the
dome a few degrees and looking at a gap between the dome
and the masonry, then rotating it a bit more, Sam correctly
determined that the shape of the dome did not perfectly match
the masonry upon which it rests. He suggested installing
spring-loaded blocks as a remedy, and they are still in place to
this day.

Samuel Harlow Goodhue, 1922-2006
By William Lowell Putnam, Trustee

This past year, my dear friend of 61 years, Sam Goodhue,
passed away. Sam lived a proud, but quiet life, giving generously of his time and talents to the things he loved. Conversing with Sam was always a memorable occasion; he did not
withhold his opinions on practically any topic, and never let
his arguments become mired with unwelcome fact, or less
strong because of any dearth thereof.
After very creditable service in the 84th Infantry Division,
Sam was awarded a Bronze Star & Purple Heart, a direct result of engagement in combat at the Battle of the Bulge. Sam
eventually returned to New Hampshire and completed a degree in engineering at the
University of
New Hampshire.
He
worked for
thirty years
for the Foxboro
Company, traveling the world
as a troubleshooter
in
process control installations from the
deserts
of
Iran to arctic
Samuel Harlow Goodhue
Canada.

Lowell Observatory Sole Trustee, William Putnam, at
“Sam’s Vista,” on the road up Mars Hill.

For all of his 'loner' attitude and appearance, Sam was
beloved by the few folk who knew him well. He died as he
lived, a self-sustaining, solitary man, who paid his own way
through the world. Samuel H. Goodhue was rightfully proud
of the fact that he consistently put more into American society
than he took out, and invested wisely in the future, thereby
leaving far more of an estate than did his parents. Sam never
married and had no children. Rather than leaving the State of
New Hampshire to settle his estate, Sam decided to leave all
of it to charitable causes.
Lowell Observatory was the grateful recipient of half of
Sam’s estate, as Sam was a Charter Member of the Percival
Lowell Society. I am deeply appreciative of Sam’s gesture. I
am equally appreciative of the other members of the Percival
Lowell Society that have expressed their confidence in the
Observatory by leaving a testamentary gift. Thank you, Sam,
and others, for your commitment to the future of Lowell Observatory.
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Solar Twins, Climate Change,
and the Politics of Science
by Jeffrey Hall

SPRING 2007

influence of such variations on terrestrial climate. We consider global warming a current issue, but Earth has been in a
warming trend since 1750. Could the Sun be responsible for
some – or even most – of it?

The Solar Constant
Our Sun is an average star. It is 4.6 billion years old, a
little over 860,000 miles across, and it radiates with the
brightness of about six trillion trillion 60-watt light bulbs.
That rather profligate figure is the so-called solar constant,
and scientists have been trying to measure it for over a century.
The aviation pioneer and Smithsonian director Samuel P.
Langley made early attempts beginning in the 1870s, and his
work was continued by one of his protégés, Charles Greeley
Abbott, who succeeded him as Smithsonian director in 1907.
Langley and Abbott were well aware of the problems Earth’s
atmosphere introduced into efforts to accurately measure radiation from the ground, so their research led them to mountaintops and such tempting vacation spots as Bassour, Algeria
(Figure 1), in their efforts to find still, transparent air (and to
get above as much of it as possible).

Fig. 2. Observations of the total solar irradiance since 1978. The
Sun’s brightness rises and falls every 10 years. The different colors on the plot indicate data taken by different satellites. The various data sets are spliced to form the composite record. This figure
was produced by Claus Fröhlich at the World Radiation Center,
Davos, Switzerland.

A Millennium of Solar Activity

Fig. 1. Observing the Sun at the Bassour Hilton.
From “The Sun and Welfare of Man,” by C.G. Abbott.

Careful as Langley and Abbott were, however, their results had no chance of being accurate. Experiments from
airplanes and balloons in the mid 20th century fared better, but
as recently as 1969 the author of one of those experiments
wrote that “most authors agree that the irradiance of the sun at
the average sun-earth distance is in itself highly constant.”
This picture changed in 1978 with the launch of a satellite
called Nimbus-7. Among its instruments was the Earth Radiation Budget Experiment (ERBE), which would provide the
first observations of the true solar brightness. Since then, a
series of satellites has produced a 28-year-and-counting record of the Sun’s brightness. The composite record appears
in Figure 2, and what do you know: the solar constant isn’t!
It goes up and down, roughly every decade, by about 0.1%.
That’s not a lot, but it is enough to raise speculation about the

Also on timescales of about a decade, the solar activity
cycle, or “sunspot cycle,” waxes and wanes. Since you do not
need a satellite to see sunspots, observers have been tabulating them since the invention of the telescope in 1610. The
result is not merely a 30-year data series, but a 400-year series
of sunspot numbers. Additionally, we can use clever indirect
methods to reconstruct the sunspot behavior prior to 1610.
Figure 3 shows what one of the leading groups in this business has come up with.
First look at the black line near the right side of the graph.
That’s the observed sunspot number since 1610. The colored
lines are reconstructions made using various techniques. The
red and green lines were derived by studying concentrations
of the isotope Beryllium 10 in ice cores taken from Antarctica
and Greenland, and the blue line is derived from Carbon 14
records. As you can see, they match the black line reasonably
well, which gives us some confidence that the extrapolations
back to A.D. 850 are reliable.
These isotopes track solar activity because Earth is perpetually bombarded by cosmic rays, high-energy particles
emitted by objects elsewhere in the Galaxy. When one of
these particles smacks into Earth’s atmosphere, it creates isotopes of atoms that don’t normally otherwise occur. The Sun
also releases a constant stream of energy and particles into the
solar system called the solar wind. When the Sun is more
active, the solar wind is stronger. When the wind is stronger,
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it deflects cosmic rays. Therefore, the more active the Sun,
the fewer cosmic rays that reach our atmosphere, and the
fewer cosmic ray-induced isotopes we find in the ice cores.

Fig. 3 The sunspot number since 850, from a November 2003 paper in
Physical Review Letters (black line and left axis). Also shown are
concentrations of isotopes from ice core records (green, red, and blue
lines and right axis). The right axis is inverted – higher isotope concentrations are lower.

Let’s see how this chain of logic is manifested in Figure
3. Look at the period between about 1650 and 1700, where
the black line dips almost to zero. It’s labeled “Mm,” which
stands for Maunder Minimum. For about 70 years, the solar
cycle more or less disappeared, and clearly, since then, the
Sun’s overall activity has been on the rise. Now look how
well the colored lines track this. And look at what happened
during the Maunder Minimum: the concentrations rise dramatically, and have dropped dramatically since. (Since less
solar activity means higher isotope concentration, the isotopes
are plotted with an inverted axis – higher concentrations are
lower on the plot.)
You can also see several solar minima between 1250 and
1800: the Wolf, Spörer, Maunder, and Dalton Minima. These
are preceded by the Medieval Maximum (MM), which in turn
is preceded by the Oort Minimum (Om). Clearly our Sun has
cycles of activity beyond the familiar decadal rise and fall of
sunspots.
The Connection
Between about 1000 and 1300 AD, Earth was unusually
warm – a time that has been called the Medieval Warm Period
(MWP). Many interesting things happened during this time,
including the abandonment of the Four Corners area, just
northeast of Flagstaff, by the Anasazi, who had inhabited the
area since roughly 1200 B.C. A devastating 30-year drought
from A.D. 1270 on appears to be at least partly responsible.
Then, from A.D. 1300 to about A.D. 1750, Earth entered a
cooldown, the so-called Little Ice Age (LIA). One of the most
severe episodes of the LIA coincides almost perfectly with the
Maunder Minimum. Since about 1750, shortly after the solar
cycle coughed back into life, we’ve generally had global
warming.
So: warmer, cooler, warmer is the rhythm of climate
change over the past millennium. It is similar to Figure 3, and

we know that solar activity affects the Sun’s overall brightness. Maybe there’s more to this global warming business
than pollution.
There is good reason to be skeptical of that last statement:
the observed 0.1% variability is not enough to explain the
global warming of the 20th and early 21st centuries, particularly the rapid rise in temperature since 1970. However, we
don’t know what the solar brightness was doing during the
Maunder Minimum, since there weren’t a whole lot of satellites back then to observe it. Maybe when the Sun went into
its Maunder Minimum, it dimmed by not merely 0.1%, but by
0.5 to 0.8%? Maybe the Sun is capable of much greater variability than we have seen in the painfully narrow 30-year window of data in Figure 2? We would like to find out.
Solar Twins and Lowell Research on 18 Scorpii
How do we try to decide what the Sun is capable of doing? One option is to wait for another Maunder Minimum.
That seems less than satisfactory; that event might not be until
A.D. 2200, 2300, 2400 ...we don’t know. I think solar and
stellar astronomy is fascinating, but I guarantee you I’m going
to be sick of it by 2400! So we turn to the stars.
Look up at night, and you see a snapshot of the lives of
the stars. Some, like the three brilliant members of Orion’s
belt, are monsters, more than 20 times as massive as the Sun
and shining tens of thousands of times as brightly. Some, like
Algol in Perseus, are binaries that brighten and dim as their
component stars orbit and eclipse one another. And some are
similar to the Sun, rank-and-file stars, neither outrageously
bright nor pitifully dim, shining with relatively steady light as
they fuse hydrogen to helium in their cores at a few hundred
million tons per second.
The Rosetta stones of Sun-like stars are the solar twins.
These are stars that are as near to dead ringers for the Sun as
we can find, with mass, temperature, chemical composition,
and rotation rates indistinguishable from the Sun’s. They are
hard to come by, but in 1997 researchers from Rio de Janeiro
found one. It’s a summer star, just barely visible to the naked
eye, in the constellation Scorpius. It goes by the exotic,
evocative name “HD 146233,” though we usually call it by its
alternative (and only marginally more exciting) designation,
18 Scorpii. As of 1997, it was the best solar twin anybody
knew of.
Are We There Yet?
Fast forward 10 years. One of the things we do well here
at Lowell is projects that require gobs of observing time. We
can go out, month after month, to our own telescopes and
patiently observe phenomena that take a long time to play out.
Stellar activity cycles are one of those. Since 1997, Wes
Lockwood, Brian Skiff, and I have been observing the activity cycle of 18 Sco (and of over 100 other stars, including the
Sun) here at Lowell Observatory. At the same time, our col(continued on page 6)
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FIG. 4. Left: The Solar-Stellar Spectrograph (SSS) at Lowell Observatory, with some of the components labeled. We observe the spectra of the stars and the Sun, which lets us track
their activity cycles. Right: the Tennessee State Automatic Photometric Telescopes (APTs), in Arizona’s Patagonia Mountains, south of Tucson. These telescopes observe the brightness of many of the same stars whose activity we observe with the SSS.

laborator, Gregory Henry at Tennessee State University in
Nashville, has been observing the brightness of many of the
same stars. Figure 4 shows the complementary equipment.
The obvious goal of these observations is to see if 18
Sco, which is a good solar twin in its overall parameters, also
behaves like the Sun over its activity cycle. Last December,
Greg Henry e-mailed me his brightness data. What popped
out is shown below in Figure 5.
In this figure, the blue diamonds show 18 Sco’s activity
cycle observed by the SSS. It is about seven years long, and
you can see a pronounced minimum in 2004. For comparison, I have overplotted our observations of the solar cycle
with purple squares. As you can see, both the Sun and its
twin have cycles with nearly identical amplitude.

The red diamonds show Greg Henry’s observations of 18
Sco. A general correlation, especially over the last five years,
is evident: 18 Sco brightens and dims as its activity cycle rises
and falls, just like the Sun. There are two complicating factors here, however. First, Greg observes stars only in a specific part of the optical range near 5500 Angstroms. We have
to estimate how these observed spectral variations translate to
a total luminosity change, and when we do this, we find that
the observed 0.12% variations in 18 Sco imply a luminosity
change of 0.09% — virtually identical to the Sun’s.
The other complication is the variability of Greg’s comparison stars. To study brightness changes, Greg computes
the brightness difference from year to year between the target
star (in this case, 18 Sco), and two presumably stable comparison stars. “Presumably” is the key qualifier. As Wes
Lockwood has put it, the best way to find variable stars is to
put them on your program as comparison stars. Stars are
given to occasional flakiness: it’s just the ugly truth. And
between 1999 and 2001, the 18 Sco comparison stars misbehaved. They became slightly variable, and the increased uncertainty propagates into the target star time series. That’s
why the error bars on the red diamonds for those years are
considerably larger.
All this aside, we find that over 10 years, there is a 95%
likelihood that the brightness and the activity of 18 Sco are
correlated exactly as are the Sun’s. Between 2001 and 2006
the correlation confidence is 99.9%.
So What?

FIG. 5. Top: the activity cycle of 18 Sco. Bottom: the brightness
variations of 18 Sco. The two data sets are highly correlated. Over
10 years of observations, 18 Sco reveals itself as a virtual clone of
the Sun.

When climatologists construct models of climate change,
they include a variety of “forcings,” or varying inputs. The
concentrations of greenhouse gases in the atmosphere are an
obvious one. Volcanic eruptions are another. Solar variations
are a third. A key question is: how much solar forcing do you
put in? Is it 0.1%, or more? To help understand that number,
we need to understand solar twins. Do they vary like the
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Sun? Or are they in general much more highly variable than
the Sun?
The new exhibit A is 18 Sco, a star identified a decade ago
as a solar twin, and which now turns out to vary exactly like
the modern Sun. Our initial – and tentative – conclusion is
that modern solar variations are typical of cycling Sun-like
stars. Of course, 18 Sco is only one star, and we’re now
working to improve the statistics. Of particular interest are a
few stars we’ve found that appear to have made a transition
from non-cycling to cycling states. Those might be Maunder
Minimum stars that are beginning to cycle, just as the Sun did
in the early 1700s. Once we sort out their activity-brightness
behavior, we can use the results to infer what the Sun might
or might not do. Although we can never know directly how
the Sun varied in its Maunder minimum, we can use solar
twins to peer through the glass darkly, into the Sun’s past.
Climate Science and the Scientific Method
We are not climatologists, but the study of solar variations
certainly touches on the issue of climate change and we pay
more than passing attention to developments in that area. Let
me tell you what I think.
Solar variations cause climate change, and will continue to
do so. Since 1700, the Sun has caused global warming. All
or at least most of the warming into the early 20th century can
be explained with climate models incorporating natural effects only. A good part of even 20th century warming can be
attributed to the Sun. However, the models almost universally suggest that only 15-30% of the rapid global warming
since 1970 can be attributed to solar variations. The results for
18 Sco indirectly support this. The solar twin doesn’t vary by
0.5%; it varies by 0.1%. On the basis of observations of this
one star, the present, rather sedate variability of the Sun appears to be typical.
That’s pretty much what we put in our recent press release. Reactions were interesting. A lot of folks thought it
was a neat and exciting result. However, one rather unpleasant correspondent suggested that I am obviously a brainwashed Al Gore marionette (though not in such polite terms).
Reactions like this are common when I give talks about the
Sun and climate change; I can see many folks – not everyone,
of course, but many – trying to figure out “which side” I am
on. All this comes about as a result of the heavy politicization
of the global warming issue, which I also believe has broader
and threatening implications for science in general.
First, we are being programmed these days to assume that
every argument can be opposed by an equally valid counterargument. Not so: to paraphrase Edmund Burke, all hypotheses have equal rights, but not to equal acceptance.
Second, we are also being seduced, by the culture of cynicism and Internet communications from legions of writers
long on opinion but short on knowledge, into the almost universally incorrect assumption that a scientist who disagrees
with viewpoint X is by definition in the pocket of special interest group Y. Nowhere does this seem to pervade commen-
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tary as in climate change.
Finally, we are misled and polarized by mass media hysterics – most recently, the idiotic movies The Day After Tomorrow (“on the left”) and the equally silly State Of Fear
(“on the right”).
Things like this don’t emerge from thin air, and the unavoidable entanglement of environmental controls with public
policy makes the politicization of climate change in some
measure inevitable. But the growing perception of science as
an agenda-driven process undermines both its principles and
general scientific literacy. It is therefore imperative for scientists to communicate their peer-reviewed results directly and
objectively to the public. At the same time, we all do well to
remember the first problem above. Not all arguments are
valid, and any one of us – astronomer, teacher, layperson,
CEO – on arguments climate-related or otherwise, might be
wrong.
It’s a wise, if inconvenient, truth to keep in mind: I might
be wrong. So the hypothesis “modern solar variations are
typical of Sun-like stars” might be wrong. For that reason,
I’m now specifically looking for stars that will test that hypothesis. We’ve seen other stars do flaky things (like Greg
Henry’s comparison stars in Figure 5), so why not the Sun?
Maybe it really is more variable than we think?
In studying solar and stellar variability, therefore, I am
not interested in making Texaco happy, and I am not interested in making the Sierra Club happy. I’ll publish whatever
the data tell me, and my recent stellar observations suggest
that from an astronomical standpoint at least, Al Gore is correct. But a sure path to scientific advance, as well as to a general level of civility and respect that’s sorely lacking in society these days (and with which Lowell Observatory is refreshingly imbued), is to remind oneself about any of one’s viewpoints: I might be wrong.
And before the Sun makes any of us latter-day Anasazi,
we’d like to be right.

AUTHOR’S NOTE:
Want to keep up with our results, or ask me about
our ongoing work? I appreciate your support of Lowell Observatory, and I’d love to answer your questions. And as
noted above, I think it’s important to communicate, as does
Lowell in general (just ask any of last year’s 72,000 visitors).
So check in with Wes Lockwood’s and my new “newsy” site,
The Sun Blog, at http://www.lowell.edu/users/jch/sunblog.
For more of the technical nitty-gritty about our program, visit
the complementary wiki at http://www.lowell.edu/users/jch/
ssswiki. We hope you’ll find these sites interesting and informative.
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2007 Public Program Spring Special Events

April [Hours (unless otherwise noted) daytime 9AM-5PM; W/
F/Sat nights opening at 5:30PM, no admissions after 9:30PM]
Sat 21
National Astronomy Day (day and evening) —
Lowell Observatory will celebrate with telescope viewing, indoor
presentations, access to historic displays, and prize giveaways.

May [Hours (unless otherwise noted) daytime 9AM-5PM; W/F/
Sat nights opening at 5:30PM, no admissions after 9:30PM]
Wed 2 Flagstaff Night (evening)— Flagstaff residents (must
show valid driver’s license or utility bill) pay only half price for
entrance into our programs
Sun 13 Mother’s Day Star Fest (evening) — All mothers are
admitted for free!
Sun 27
Memorial Star Fest (evening)- Featured speaker,
Kent Colbath, will give a presentation at 7:00 p.m., “Dinosaurs,
plankton and asteroids: the science of mass extinctions.”
Mon 28 Lowell Observatory Birthday (daytime)- To celebrate the Observatory’s founding in 1894, we will offer special
presentations on this topic.

June [Hours (unless otherwise noted) daytime 9AM-5PM; M
through Sat. nights opening at 5:30 PM, no admissions after
10:00 PM
Wed 6

Flagstaff Night (evening, same as above)

Sun 17
Father’s Day Star Fest (evening)- All fathers are
admitted for free!
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