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Foreword

On October 31, 2006, NASA Administrator Mike Griffin announced his decision to launch a shuttle mission in 2008 to refurbish and
upgrade the Hubble Space Telescope. This decision provides the opportunity to significantly increase Hubble’s scientific capability
and prolong its life as humankind's most productive scientific instrument. With successful servicing, Hubble will be at its all-time
peak performance, with instruments many times more sensitive than the original set launched with the observatory in 1990.

Meanwhile, Hubble continues to produce great science. In 2006, almost 700 peer-reviewed, scientific papers were pub-
lished using Hubble data—more than in any previous year. Images from the telescope continue to excite and inspire both
the layman and the scientist.

The 10 science articles selected for this year's annual science report exemplify the range of Hubble research—from the Solar
System, across our Milky Way, and on to distant galaxies. The objects of study include a new feature on Jupiter, binaries in
the Kuiper Belt, Cepheid variable stars, the Orion Nebula, distant transiting planets, lensing galaxies, active galactic nuclei,
“red-and-dead” galaxies, and galactic outflows and jets. Each narrative strives to construct the reader’s understanding of the
topics and issues, and to place the latest research in historical, as well as scientific, context.

These essays reveal trends in the practice of astronomy. More powerful computers are permitting astronomers to study ever-
larger data sets, enabling the discovery of subtle effects and rare objects. (Two investigations created mosaic images that
are among the largest produced to date.) Multiwavelength data sets from ground-based telescopes, as well as other great
observatories—Spitzerand Chandra—are increasingly important for holistic interpretations of Hubble results.

This yearbook also presents profiles of 12 individuals who work with Hubble, or Hubble data, on a daily basis. They are
representative of the many students, scientists, engineers, and other professions who are proudly associated with Hubble.
N ' Their stories collectively communicate the excitement and reward of careers related to space science and technology.

We hope you enjoy this portrait of Hubble's successful and “sweet Sixteenth” year in orbit. The best is yet to come!

Left: An exquisite recent Hubble image of the edge-on disk galaxy NGC 5866.

R Pages 6-7: Opaque, dark knots of gas and dust are seen against the background of a nearby emission nebula known as NCG 281.
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Hubble's first few months were disastrous. Instead of returning crisp, point-like images of stars, its images showed stars sur-
rounded by large, fuzzy halos of light. The source of the problem was traced to an error in constructing the equipment used to test
Hubble's mirror during manufacture. Optical tests using this equipment led technicians to grind the mirror to the wrong shape,
giving it a classic case of “spherical aberration.” The mirror was perfectly smooth, but would not focus light to a single point.

Hubble was designed to be visited by astronauts. Even before launch, NASA had begun to build a second-generation camera
to replace the main camera that was launched with the telescope. Optical experts realized they could build corrective optics
into the camera to counteract the flaw in the Hubble mirror. NASA accelerated work on the Wide Field Planetary Camera 2
(WFPC2), and Hubble scientists and engineers designed a mechanical fixture called Corrective Optics Space Telecope Axial
Replacement (COSTAR) to deploy corrective optics in the light paths to the other instruments. In December 1993, astronauts
returned to Hubble and undertook an ambitious set of space walks to install the new equipment. The modifications worked
flawlessly, restoring Hubble's image quality to nearly the original design goals.

In the decade following the first servicing mission, Hubble has treated astronomers and the public to the clearest and deepest
views of the universe—scenes of profound beauty and intellectual challenge. Thousands of astronomers have used Hubble
for boundary-breaking research in virtually all areas, from our own Solar System to the farthest depths of the expanding
universe. Three additional servicing missions in 1997, 1999, and 2002 punctuated this era, and a final mission to upgrade
and refurbish Hubble is planned for 2008.

The 1997 mission brought tremendous improvements to Hubble’s spectroscopic capabilities with the insertion of the Space
Telescope Imaging Spectrograph (STIS). STIS observations not only demonstrated that black holes are ubiquitous in the
centers of galaxies, but also showed that the black hole masses are tightly correlated with the masses of the surrounding
ancient stellar population. The 1997 mission also opened Hubblgs view to the near-infrared universe with the Near Infrared
Camera and Multi-Object Spectrometer (NICMOS). The clear views of distant galaxies provided by NICMOS have supplied
a wealth of clues to the complex physics in the early universe that led to the formation of the Milky Way.

Hubble was integrated at the Lockheed Martin Space Systems facility in Sunnyvale, California, where it appears in this pre-launch image.
It is roughly the size of a subway car, 42.5 feet long, and 14 feet wide at its widest point. A close look at this image reveals a portion of the
225 ft. of yellow handrails installed around the outside for astronauts to grip during servicing mission spacewalks.

1

Hubble 2006: Science Year in Review



The servicing mission in 1999 enhanced many of Hubbles subsystems, including the central computer, a new solid-state
data-recording system to replace the aging magnetic tape drives, and the gyroscopes needed for pointing control. A month
prior to launch, a gyroscope failure had forced Hubble into “safe mode,” with no ability to observe astronomical targets.

When a premature loss of solid-nitrogen coolant cut short NICMOS's operational life, NASA engineers used innovative me-
chanical refrigeration technology to develop an alternate way of cooling its detectors to their operating temperature of —320° F.
This cooling system was installed in 2002, and it brought the ailing instrument back to life. NICMOS has proved crucial to
observations of very distant supernovae used to measure the acceleration of the universe. The 2002 mission also introduced
Hubble’s most powerful camera, the Advanced Camera for Surveys (ACS), providing a tenfold improvement over WFPC2.

The final servicing mission in 2008 will install two new instruments, the Cosmic Origins Spectrograph (COS) and Wide Field
Camera 3 (WFC3). COS is the most sensitive ultraviolet spectrograph ever built for Hubble. The instrument will probe the cosmic
web—the large-scale structure of the universe—whose form is determined by the gravity of dark matter and is traced by the
spatial distribution of galaxies and intergalactic gas. WFC3 is a new camera sensitive across a wide range of wavelengths (col-
ors), including infrared, visible, and ultraviolet light. It will study planets in our Solar System, the formation histories of nearby
galaxies, and early and distant galaxies beyond Hubbles current reach. An attempt will also be made to repair the STIS. Installed
in 1997, it stopped working in 2004. When repaired, the instrument will be used for high-resolution studies in visible and ultra-
violet light of both nearby star systems and distant galaxies, providing information about the motions and chemical makeup of
stars, planetary atmospheres, and other galaxies. Astronauts will also install a refurbished Fine Guidance Sensor to replace one
degrading unit of the three already onboard. Two of these sensors are routinely used to enable Hubble's precise pointing, and the
third is available to astronomers for making accurate measurements of stellar positions.

The Hubble Space Telescope, operating at the intersection of the robotic and the human space flight programs, embodies
both the trials and triumphs of the space program. It has survived controversy, delays, and failures, and has proven to be
one of the most powerful and productive scientific tools ever developed.

Hubble wasn't assembled in a day. Neither was this Hubble image of the face-on spiral galaxy Messier 101 (M101). Using the power of
the Advanced Camera for Surveys installed during the last servicing mission to the satellite, it is the largest and most detailed photo of a &

spiral galaxy that has ever been released from Hubble. The galaxy’s portrait is actually composed of 51 individual exposures, in addition to *
elements from ground-based telescope images.
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Primary mirror é
Hubble's primary mirror is made of a special glass coated with alumi- °

num and a special compound that reflects ultraviolet light. It is 2.4-m in
diameter and collects the light from stars and galaxies and reflects it to
the secondary mirror.

COSTAR
The Corrective Optics Space' Telescope Axial Replacement (CO-
STAR) is not 'really a science instrument: it is the corrective optics
package that replaced the High Speed Photometer (HSP) during
the first servicing mission. COSTAR was designed to correct the
effects of the primary mirror’s aberration.

+

- The Space Telescope Imaging Spectrograph (STIS) is currently

. .full advantage of modern’technology. [t combines a camera with a

- The Hubble Space Telescope -

FGS

_ Hubble has three Fine Guidance Sensors on board. Two of
them are needed to point and lock the telescope on the target
and the third can be used for stellar position measurements,

also known as astrometry. "

STIS
not operating, but is a. versatile multipurpose instrument taking

spectrograph and covers a wide range of wavelengths from the near-
infrared region into the ultraviolst. o

NICMOS

The Near ﬁfrar-ed Camera and Multi-Object Spectrometer (NIC-
MOS). is an instrument for near—infra{red_imaging and spectro-
scopic ‘observations of astronomical targets. NICMOS detects
light with wavelengths from 800 to 2500 nm.

ACS .
ACS is a so-called third generation.Hubble instrument. Its wide field of view is .
nearly twice that of Hubblgs previous workhorse camera, WFPC2. The name, x

Advanced Camera for Surveys, comes from its particular ability to map relatively
large areas of the sky in great detail. )






