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(Front cover) Launched in 1990, the Hubble Space Telescope has revolutionized our understanding of the cosmos with
Its detailed images and spectra taken from high above the blurring and filtering effects of Earth’s atmosphere. The mission
operates as an ongoing partnership between NASA and the European Space Agency. Astronomers from around the world
have used it to study everything from our celestial neighbors in the solar system to supermassive and immenselydistant
black holes.
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Astronauts took this picture of Hubble in May 2009 at the conclusion of

Servicing Mission 4, documenting its final configuration,
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Hubble’s observations have made new and significant scientific contributions to virtually every area of astronomy.
Its detailed imagery of the Cat’s Eye Nebula (NGC 6543), for example, revealed more intricate Structures than ever
imagined. This complex planetary nebula is suspected to surround a binary star that created its multiple gas shells,

shockwaves, and stellar jets.




The Whirlpool Galaxy (M51) is dlassified as a “grand design” spiral, with well-defined arms that sweep around
most of the system. Along the arms are pink star-forming regions where bright blue clusters of new stars fonize
the gas surrounding them, causing them to glow. The yellowish core of this galaxy is home to older stars, as is
NGC 5195, the small companion galaxy to the right and slightly behind M51. The Whirlpool Galaxy is found near
the Big Dipper in the lesser-known constellation Canes Venatici, the Hunting Dogs. It s estimated to be 23 million

light-years away.
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After initial checkout of its critical systems in the Shuttle Discovery’s cargo bay, Hubble was released into
space on April 25, 1990 to begin its journey of discovery.




Workers inspect Hubble’s primary mirror before installation.
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right was taken with the WFPC2, installed during the first servicing mission with integrated corrective optics.

(Above) Following its launch, Hubble was repaired, maintained, and upgraded by astronauts five times over a period of 19 years.
Hubble is now more scientifically powerful than at any other point in its history. (Below) Pictured here are the mission patches for
each of the five Hubble servicing missions.

Ground-based image at

WFPC1 image (before servicing)
0.6 arcsec resolution

WFPC2 image (after servicing)
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An error in the shape of Hubble's primary mirror prompted the development of a corrective device
known as COSTAR. Installed in place of an existing instrument during the first servicing mission,
COSTAR contained a mechanical arm of optics that was deployed into the telescope’s light

path, correcting its focus.

an improved, second-generation camera. Called the Wide Field Planetary Camera 2 (WFPC2), this

instrument was meant for installation by astronauts at a future date. Optics experts realized they could

build corrective optics into this camera to counteract the flaw in the primary mirror. Meanwhile, Hubble scientists
and engineers devised a set of nickel- and quarter-sized mirrors to remedy the effects of the primary mirror
on Hubble's other instruments. Labeled the Corrective Optics Space Telescope Axial Replacement (COSTAR), this
device could be deployed into the light paths of the telescope’s other instruments to focus their images properly.

In December 1993, astronautsinstalled COSTAR during a series of spacewalks. This ambitious endeavor successfully
restored Hubble's vision to the designers’ original expectations. On subsequent days during the mission, astronauts
also upgraded various components of the spacecraft including ESA-provided solar arrays and associated control
electronics. During the many years following that historic first servicing mission, Hubble has amassed a spectacular
data treasure trove for the world—thousands of clear, deep views of the universe. Astronomers from around the
world have used the telescope to answer some of the most pressing astronomical questions of our time, and its
discoveries have also spawned a host of follow-up investigations.

As new technology became available, Hubble's innovative, modular design enabled astronauts to upgrade and
enhance it through four additional servicing missions. In 1997, Servicing Mission 2 vastly improved Hubble's
spectroscopic capabilities with the insertion of the Space Telescope Imaging Spectrograph (STIS). Using it,
astronomers confirmed the existence of supermassive black holes in the centers of galaxies and also showed that
black-hole masses are tightly correlated with the masses of the surrounding ancient stellar population. During the
1997 service call, the addition of the Near Infrared Camera and Multi-Object Spectrometer (NICMOS) opened
Hubble's view of the universe to a new spectral regime—those wavelengths slightly longer than visual light. This
near-infrared sensitivity has helped astronomers untangle the complex processes in the early universe that led to
the formation of galaxies, including our own Milky Way.

During Servicing Mission 3Ain 1999, spacewalking astronauts enhanced many of Hubble's subsystems—replacing
its central computer; adding a new, solid-state data-recording system to replace its aging magnetic tape drives;

and swapping out the gyroscopes needed for pointing control. When a premature loss of solid-nitrogen coolant
cut short NICMOS's operational life, engineers devised innovative mechanical refrigeration technology as an
alternate way of cooling its detectors to their operating temperature of —=320°F (-=196°C). On Servicing Mission
3B1in 2002, this cooling system was retrofitted to NICMOS, which brought the instrument back to life. During that
mission, astronauts also replaced the productive, but aging, ESA-built Faint Object Camera with a new, more
powerful camera—the Advanced Camera for Surveys (ACS)—providing a tenfold improvement over WFPC2.

Servicing Mission 4 (SM4), the final servicing mission to Hubble in 2009, brought the telescope to the apex of
its scientific capabilities. Astronauts installed two new instruments: the Cosmic Origins Spectrograph (COS) and
the Wide Field Camera 3 (WFC3). COS is the most sensitive ultraviolet spectrograph ever built for Hubble. It
probes 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 sensitive across a
wide range of wavelengths (colors) including infrared, visible, and ultraviolet light. It contains a variety of broad-
and narrow-hand filters, as well as grisms (spectroscopic elements), which enable wide-field, low-resolution,

Positioned on the remote manipulator system, Mike Good transports the assortment of tools required to repair the Space Telescope
Imaging Spectrograph during Servicing Mission 4. Included among them is the ingenious fastener capture plate (blue rectangular
device floating above him) that will trap more than 100 non-captive screws during removal of the instrument’s electronics cover.
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Space Shuttle Atlantis and its seven-member STS-125 crew launched on time at 2:01 p.m. (EDT) on May 11, 2009
from pad 394 at NASA's Kennedy Space Center. The STS-125 mission was the final servicing mission to Hubble.
(Photo credit: NASA/M. Soluri)



slitless spectroscopy with unparalleled sensitivity. Scientists use WFC3 to study planets in our solar system, the
formation histories of nearby galaxies, and early and distant galaxies. Astronauts also made in-orbit repairs to
two instruments already on Hubble : STIS and ACS. Neither was designed to be serviced in space, so both repairs
required new tools and procedures. STIS had stopped working in 2004; to recover it, astronauts replaced a low-
voltage power-supply board. ACS had suffered a partial failure in early 2007 after operating exquisitely for nearly
five years. Tofixit, astronauts replaced failed circuit boards and added a new power supply. These steps effectively
restored its high-efficiency imaging in both the visible and ultraviolet portions of the spectrum. Rounding out the
mission, various aging components of the spacecraft were upgraded, including the gyroscopes, batteries, and the
science instrument command and data handling unit.

Hubble is now functioning at its peak scientific performance. Its pictures and spectra fill modern astronomy
textbooks. More peer-reviewed scientific papers have been published using Hubble data than for any other

spacecraft. Millions of visits occur monthly to the mission’s public
outreach websites, and Hubble images appear regularly in news media.

Through its long history of travail and triumph, the Hubble Space
Telescope mission has combined the best of NASA's robotic and human
space flight programs with an exemplary partnership with ESA. One
of the most powerful and productive scientific tools ever developed,
Hubble continues to capture scenes of profound beauty and intellectual
challenge. Thousands of astronomers from around the world have used
Hubblefor boundary-breaking research in virtually all areas, including the
physics of dark matter and dark energy. Not since the days of Galileo has
a telescope provided such insight and so broadly piqued the curiosity of
the human race.

The latest on Hubble and its discoveries can be found at http://hubblesite.org.
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The story of Servicing Mission 4 was captured in the IMAX movie Hubble
3D. (Above) Three-time Acacemy-Award nominee Leonardo DiCaprio
records narration for Hubble 3D. (Photo credit: © 2010 Warner Bros.)
(Right) The promotional movie poster for Hubble 3D. (Photo credit: ©
2010 Warner Bros.)

(Above) Attendees enjoying the movie. (Photo
credit: NASA/P. Alers) (Right) Five of the seven
crewmembers of STS-125 enjoy the premiere of
Hubble 3D at a special event at the Smithsonian
National Air and Space Museum (Photo credit:

Smithsonian National Air and Space Museum)
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Inthis composite view of the Ring Nebula (M57), Hubble's visible light images (blue, yellow, and green areas) were
combined with infrared data (red areas) from the ground-based Large Binocular Telescope (LBT). Careful analysis
of the data allowed astronomers to map the dark, irregular knots of dense gas embedded along the inner rim of
the ring with the spikes of light around the bright, main ring, revealing that these rays resulted from a shadowing
effect caused by the knots. The LBT is part of the Mount Graham International Observatory in Arizona.

Observatosy: et
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Hubble’s 7,825-pound, 7.8-foot (2.4-meter) diameter primary mirror collects light from its astronomical target and reflects it to a
12-inch (0.3-meter) diameter secondary mirror located in the optical tube. This secondary mirror then reflects the light through a hole
in the primary mirror to form an image at the telescope’s focal plane. There it is intercepted by pick-off mirrors that pass it into the
scientific instruments. Hubble’s mirrors are made of ultra-low expansion glass kept at a “room temperature” of about 70°F (21°C)
to avoid warping. The reflecting surfaces are coated with a 3/1,000,000-inch layer of pure aluminum and protected by a 1/1,000,000-
inch layer of magnesium fluoride that also makes the mirrors more reflective to ultraviolet light.

Hubble's optical system is held together by a supporting skeleton, a truss measuring 17.5 feet (5.3 meters) in
length and 9.6 feet (2.9 meters) in diameter. The 252-pound (114.3-kilogram) truss is a stiff, strong, lightweight
graphite-epoxy material that resists expansion and contraction in the extreme temperatures of space. A similar
material is used in the production of golf clubs, tennis racquets, and bicycles.

The narrow top section of the Hubble's tube-shaped body, known as the forward shell, houses the telescope’s
optical assembly. Most of the control electronics for the observatory sit in bays placed around the middle of the
telescope, known as the Support Systems Module (SSM), where the spacecraft body widens. This middle section
is near the telescope’s center of gravity and hence home to the telescope’s four 100-pound reaction wheels—the
spinning flywheels Hubble uses to reorient itself. Astronauts can easily access the devices within the SSM, and a
number of these have been replaced or upgraded during servicing missions.

The primary and secondary
mirrors of Hubble form
FG52 an image in the focal
plane of the telescope
whose light is shared by
the instruments and Fine
Guidance Sensors (FGSS).
STIS Seen here are the locations
C0S of the instrument fields of
view within the focal plane.
Inthe background is a scale
image of the Helix Nebula.
FGS3 FGS1 Two stars found among the
ACS three FGS fields of view are
NICMOS selected as guide stars for

the observation.

WEC3

At the back end of the spacecraft, the “aft shroud” houses the scientific instruments, gyroscopes, star trackers,
and other components. The aft shroud has room for five scientific instruments. Over the years, NASA and ESA
have manufactured 15 scientific instruments for Hubble. Through advances in technology, each new generation
of instruments has brought enormous improvements to the scientific capabilities of the observatory. The current
complement consists of the Wide Field Camera 3 (WFC3), the Cosmic Origins Spectrograph (C0S), the Advanced
Camera for Surveys (ACS), the Near Infrared Camera and Multi-Object Spectrometer (NICMQS), and the Space
Telescope Imaging Spectrograph (STIS).

All of the spacecraft's interlocking sections—the forward shell, SSM, and aft shroud—uwere designed to provide
a benign thermal and physical environment in which sensitive telescope optics and scientific instruments can
operate. They are encased in a thin aluminum shell and blanketed by many thin layers of insulation. In a single
orbit around Earth, the exterior surface of Hubble varies in temperature from —150°F to +200°F (-101°C to
+93°0).
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Hubble Space Telescope

Fine Guidance Sensors

Hubble has three Fine Guidance Sensors (FGSS). Two are needed to point and
lock the telescope on target, while the third can be used for astrometry, the precise

measurement of stellar positions.

Space Telescope Imaging Spectrograph

The Space Telescope Imaging Spectrograph (STIS) principally performs spectroscopy—the
separation of light into its component colors (or wavelengths) to reveal information about
an object’s chemical content, temperature, density, and motion. STIS also performs imaging
in most of the ultraviolet bands, the entire optical wavelength band, and some wavelengths
extending into the near-infrared. STIS was repaired on orbit in 2009 by astronauts during
Servicing Mission 4.

Cosmic Origins Spectrograph
The most sensitive ultraviolet spectrograph ever flown, the Cosmic Origins

Spectrograph (COS) measures the structure and composition of matter concentrated
in the “cosmic web.” It also studies how galaxies, stars, and planets formed and
evolved, and is helping determine how the elements needed for life first formed.

Near Infrared Camera and Multi-Object Spectrometer

The Near Infrared Camera and Multi-Object Spectrometer (NICMOS) is an
instrument for near-infrared imaging and spectroscopic observations of
many types of astronomical targets,

Advanced Camera for Surveys

Primary mirror

Hubble’s primary mirror is 7.8-feet (2.4-meters) in diameter.
It is made of a special glass coated with aluminum and a
compound that reflects ultraviolet light. It collects light from
the telescope’s targets and reflects it to the secondary mirror.

The Advanced Camera for Surveys (ACS) was designed primarily for wide-field imagery in visible wavelengths, although it can
also detect ultraviolet and near-infrared light. Its wide-field and high-resolution channels failed in 2007, leaving only a “solar-
blind” (ultraviolet) channel operational. During Servicing Mission 4, astronauts were able to repair the wide-field channel,
restoring the telescope’s capability to capture high-resolution, wide-field views.

Secondary mirror

Like the primary mirror, Hubble's secondary mirror is made of special glass
coated with aluminum and a compound to reflect ultraviolet light. It is 12 inches
(30.5 centimeters) in diameter and reflects the light back through a hole in the
primary mirror and into the instruments.

Aperture door
Hubble’s aperture door can close, if necessary, to prevent light from the Sun from
entering and potentially damaging the telescope or its instruments.

Communication antennas

Digital images and spectra stored in Hubble’s solid-state recorders are
convertedto radio waves and then beamed through one of the spacecraft's
high-gain antennas (HGAs) to a NASA communications satellite, which
relays them to the ground. Because the HGAs would extend off the page
above and below the spacecraft image, they are shown here pressed
against the side of the telescope in their “berthed positions.” This is how
they were configured at launch.

Solar panels
Hubble’s current set of rigid solar panels use gallium-arsenide

photovoltaic cells that produce enough power for all the science
instruments to operate simultaneously. The first and second sets
were larger, flexible panels, but produced less power.

Support systems
Essential support systems such as computers, batteries, gyroscopes,

reaction wheels, and electronics are contained in these areas.

Wide Field Camera 3
With panchromatic vision extending from the ultraviolet through the visible and into the infrared, the Wide
Field Camera 3 (WF(3) enhances Hubble’s capability not only by seeing deeper into the universe, but also
by providing wide-field imagery in these three regions of the electromagnetic spectrum. WF(3 is used to
study galactic evolution, stellar populations in nearby galaxies, dark energy, and dark matter.
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Hubble’s instruments collectively observe wavelengths (measured in nanometers) from ultraviolet through infrared. Each instrument
was designed to operate in a particular wavelength range and function as an imaging camera or a spectrometer, though some
instruments do both. The Fine Guidance Sensors (FGSS) not only help the telescope stay locked on target, but can be used as science
Instruments to accurately determine the relative position of stars.

Despite these wide thermal swings, the interior of the telescope is maintained by the thermal control system to
a narrow temperature range—in many areas to a comfortable “room temperature.” Heat sensors, radiators,
electric heaters, insulation, and special paints all work in concert to minimize the expansion and contraction
that could alter the telescope’s focus. They also keep the electronic devices inside the spacecraft at their proper

These two images of a three-light-year-high pillar within the Carina Nebula demonstrate how observations taken in visible and near-
infrared light by Hubble can reveal dramatically different and complementary views of an object. In the visible-light view on the left
strong radiation and energetic streams of charged particles from hot young stars in the nebula are seen shaping and compressing the
pillar, causing additional new stars to form within it. Two of these infant stars are releasing bidirectional jets of gas seen to protrude
from the tops of their respective clouds. In the near-infrared-light view on the right, the presence of hundreds of adaitional stars is
revealed as these longer wavelengths penetrate through much of the gas and dust in the nebula.

operating temperatures. During the last three servicing missions, astronauts replaced sections of Hubble's external
insulation that had deteriorated from exposure to the harsh conditions of space, adding panels called New Outer
Blanket Layers over portions of the spacecraft.
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Hubble nominally operates via stored commands, computer-based instructions that have associated execution
times. The Flight Operations Team (FOT) at NASA's Goddard Space Flight Center in Greenbelt, Maryland, typically
sends a day’s worth of commands at once, although they can also command the spacecraft in real time during
emergencies, engineering tests, or other such scenarios. These commands are uplinked to the spacecraft—and it
scientific and engineering data returned to the ground—via a system of NASA geosynchronous communications
satellites called the Tracking and Data Relay Satellite System. In June 2011, the FOT transitioned from around-
the-clock support to a single, staffed shift operating Monday through Friday. On the off-shifts and weekends, a
highly robust, autonomous operation system commands and

(Above) Four large, flexible solar-array panels that
rolled up like window shades originally provided
power to the observatory. Shown on a water table
during prelaunch deployment testing, this original
design was replaced in Servicing Mission 3B by rigid
panels that are less susceptible to twisting caused by
the extreme temperature variations they experience
in orbit. Although 45 percent smaller than their
predecessors, they produce 25 percent more power
and reduce the amount of atmospheric drag on
the spacecraft. (Left) Astronauts Richard Linnehan
(partially visible on the end of Columbia’s robotic
arm) and John Grunsfeld (center frame) work to
install a new, rigid array,

monitors the satellite. FOT members and other knowledgeable systems engineers are notified via cell phone and
e-mail if the autonomous system detects any unusual conditions aboard the observatory.

Hubble's electrical power comes from sunlight. Flanking the telescope’s body are two thin, 25-foot-long solar
arrays, mounted like wings and rotated to point toward the Sun. Each is covered with solar cells that convert the
Sun’s energy into electricity. Astronauts have replaced the solar arrays twice to supply more power and improve
the mechanical stability of the spacecraft. The present arrays are rigid panels of gallium-arsenide cells that were
originally designed for commercial communications satellites. They generate approximately 5,700 watts of power
and are about 30 percent more efficient in converting sunlight to electricity than the prior arrays.

Batteries are used to allow the telescope to operate while in Earth’s shadow, approximately 36 minutes out
of each 97-minute orbit. When fully charged, Hubble's six nickel-hydrogen batteries contain enough energy to
sustain the telescope in its normal science operations mode for 7%z hours, or five orbits. This is approximately the
same amount of charge as carried by 12 typical car batteries. Through careful management of their charge rate
and depth of discharge, Hubble's initial set of batteries lasted more than 19 years. After experiencing more than
100,000 charge/discharge cycles, they were replaced with six new batteries in May 2009.

Hubble employs a suite of special devices that work together to maneuver the telescope and keep it aimed precisely
on target. Three fixed-head star trackers, used in conjunction with a star catalog in the onboard computer, inform
the telescope of its general orientation. Six small gyroscopes sense the telescope’s angular motion and also
provide this information to Hubble's central processor. Three Fine Guidance Sensors (FGSs) accomplish the final
precise aim of the telescope by locking onto selected “guide stars” that center the desired target into a particular
instrument’s field of view.

Once “locked on” the guide stars, Hubble wobbles off-target no more than 7 milliarcseconds within a 24-hour
period. This is equivalent to holding the beam of a laser pointer all day on the face of a dime located 200 miles
away. Because of the telescope’s remarkable stability, the FGSs are also used to make very precise measurements
of the relative positions of stars. This data provides essential information for measuring distances to nearby
stars and determining the component masses of binary star systems. Four heavy reaction wheels comprise the
maneuvering system. Hubble exchanges momentum with these flywheels which—in accordance with the laws of
motion—spin one way while Hubble spins the other.
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Two primary computers control the main functions of the spacecraft. One, a circa-1980 computer with 64 kilobytes
of memory, communicates with the instruments. It receives their data and telemetry, checks their operational
status, and passes their data to special interface units for transmission to the ground. It also relays commands
and timing information sent to the instruments from the ground. The more “modern” main spacecraft computer,
an Intel 80486-based machine with 2 megabytes of random-access memory, handles pointing control, power
management, radio communication with the ground, and other spacecraft-monitoring functions.

A separate safe-mode computer orients Hubble to a power-positive and thermally safe position in the event of
a problem. Each science instrument also houses computers and special microprocessors. These are typically
Intel 386-class processors and perform such functions as rotating filter wheels, manipulating exposure shutters,
maintaining internal temperatures, collecting data, and communicating with the main computers. Not counting
redundant (backup) units, there are 12 computers and microprocessors executing flight software on the observatory.

(Above) Disassembled for illustration, each of Hubble’s gyroscopes measures
the spacecraft’s rate of motion about a particular axis—information that is
forwarded to the spacecraft’s pointing control system. The gyroscopic

action of the devices is achieved by a wheel inside each gyro that

spins at a constant rate of 19,200 rpm on gas bearings. This wheel is

mounted in a sealed cylinder that floats in a thick fluid. Electricity is

carried to the motor by thin wires, each approximately the size of a

human hair, that are immersed in the fluid. Electronics within the gyro

detect very small movements of the axis of the wheel. (Right) The gyros

are packed in pairs inside boxes called rate sensor units.

The main engineering computer on Hubble was upgraded in 1999
during Servicing Mission 3A to an Intel 80486 processor. This computer
executes stored commands; formats engineering status data;
performs computations to maneuver, point, and stabilize Hubble;
turns the solar arrays to the Sun,; commands the high-gain antennas;
and evaluates the health of the spacecraft

Hubble's long lifetime and numerous scientific accomplishments are a

testimony to how well the telescope was designed, integrated, maintained,

and upgraded throughout the years. Many of its discoveries would have been impossible to achieve with the
science instruments installed at launch. Hubble's design serves as a prototype for the next generation of space or
lunar-based telescopes, pioneering the way for serviceable observatories in the future.

Hubble’s three original data recorders were mechanical tape recorders with many moving parts that wear out with use. (Left) Two
of the three tape recorders were replaced during servicing missions with digital solid-state recorders (SSRs). The djgital SSRs have
no moving parts or tape to break and can each store more than 12 gigabits of data, 10 times the capacity of the tape recorders
they replaced. (Right) Astronaut John Grunsfeld maneuvers to install a solid-state recorder during Hubble Servicing Mission 3A in
December 1999.
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Hubble captured four of Saturn’s moons passing in front of the planet in this sequence of images from February
2009. In the lower left image, all four can be seen: the large moon Titan (whose shadow has moved off Saturn’s
cloud tops to the right), the tiny moon Mimas (just above the rings on the right edge of Saturn), the small but
bright moon Dione with its shadow (to the left and above the rings); and the tiny Enceladus with its shadow (to

the left of Dione).

Operaians
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Hubble operations entered a new phase in 2011 with the automation of many of the spacecraft’s routine functions. Flight controllers
now work a single shift, Monday through Friday. During off-hours and weekend’s, computers command the telescope and dump
its data recorders. E-mail alerts, phone messages, and telemetry access via hand-held devices keep the operations team informed
of Hubble’s status.

and address a significant astronomical question or issue. Potential users must also show that they can only
accomplish their observations with Hubble's unique capabilities and cannot achieve similar results with a ground-
based observatory.

The Institute assembles a time allocation committee, comprising experts from the astronomical community, to
determine which proposals will receive observing time. The committee is subdivided into panels that review the
proposals submitted within a particular astronomical category. Sample categories include stellar populations,
solar system objects, and cosmology. The committee organizers take care to safeguard the process from conflicts
of interest, as many of the panel members are likely to have submitted their own proposals.

Proposals are further identified as general observer, which range in size from a single orbit to several hundred, or
snapshot, which require only 45 minutes or less of telescope time. Snapshots are used tofill in gaps within Hubble's
observing schedule that cannot be filled by general observer programs. Once the committee has reviewed the
proposals and voted on them, it provides a recommended list to the Institute director for final approval.

Planning the Observations

Researchers who are awarded telescope time based on the scientific merit of their phase-one proposal must
submit a phase-two proposal that specifies the many details necessary for the implementation and scheduling of
his or her observations. These details include such items as precise target locations and the wavelengths of any
optical filters required. Once an observation has occurred, the data is marked as proprietary within the Institute
computer systems for 12 months. This protocol allows observers time to analyze the data and publish their
results. At the end of this proprietary-data-rights period, the data is made available to the rest of the astronomical
community via the Hubble data archive.

Along with their phase-two proposal, observers can also apply for afinancial grant to help them process and analyze
their observations. These grant requests are reviewed by an independent financial review committee, which then
makes recommendations to the Institute director for funding. Grant funds are also available for researchers who
submit phase-one proposals to analyze non-proprietary Hubble data already archived. The financial committee
evaluates these requests as well.

Up to 10 percent of Hubble's time is reserved as discretionary time and is allocated by the Institute director.
Astronomers can apply to use these orbits any time during the course of the year. Discretionary time is typically
awarded for the study of unpredictable phenomena such as new supernovas or the appearance of a new comet.
Historically, directors have allocated large percentages of this time to special programs that are too big to be
approved for any one astronomy team. For example, the observation of the Hubble Deep Field (1996) and Hubble
Ultra Deep Field (2004) both used director's discretionary time.

Scheduling the Telescope

The Institute creates a long-range schedule to order the diverse collection of observations awarded telescope time
as efficiently as possible. This task is complicated because the telescope cannot be pointed too close to bright
objects like the sunlit side of Earth, the Sun, and the Moon. Adding to the difficulty, each astronomical target can
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The Hubble Space Telescope uses NASA's Tracking and Data Relay Satellite System and its ground station to transfer data to
Hubble’s control center at Goddard. The scientific data is then transmitted to the Space Telescope Science Institute, where it is
processed and distributed to the astronomical communiy.

prescribed times to maneuver the telescope and take observations. Solid-state data recorders store the science
data on the spacecraft. FOT members have the responsibility of managing the content of these recorders and
periodically transmitting the data to TDRSS's ground terminal at White Sands, New Mexico. From there, the data
is sent to Goddard to ensure its completeness and accuracy. Goddard then sends the data to the Institute for
processing, calibration, and archiving.

The Vehicle Electrical Systems Test (VEST)
unit at Goddard is a high-fidelity Hubble
simulator - comprising  spare  flight
components as well as various boxes
that emulate spacecraft subsystems and
instruments. The VEST Is used to diagnose
spacecraft anomalies as well as to validate
new operating  procedures and  flight
software.

The Space Telescope Operations Control Center at Goddard is staffed by the FOT Monday through Friday on a
single, eight-hour shift. A robust automated-operations system conducts routine activities after-hours and on
weekends. It performs routine commanding, monitors telemetry from the spacecraft, and alerts appropriate
personnel via phone calls, text messages, and e-mails when anomalies occur.

Hubble generates approximately 600 gigabytes of new science data each month. Astronomers, in turn, typically
download 3 to 5 terabytes of data monthly from this growing archive. By the end of 2011, Hubble data had been
used to publish more than 10,000 peer-reviewed scientific papers, a number that has continued to grow by
approximately three per day.

One Astronomer’s Story

Images and spectra from Hubble are always scientifically valuable, but not necessarily beautiful. The public's
ability to connect with the telescope, however, depends upon producing aesthetically powerful images. Because
such images are not always generated during the normal course of scientific analysis, a dedicated project called
Hubble Heritage was created in 1998. In fact, the Hubble Heritage group has produced a significant percentage of
the most popular images in the telescope’s online catalog.
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(Above) Technical status meetings are held monthly with flight operations, ground systems, flight software, and system engineering
personnel to review the observatory's performance and discuss any issues regarding the many flight and ground components of the
mission. (Below) Similarly, NASA project management personnel meet regularly with the Space Telescope Science Institute staff to
review the performance of the instruments, gauge the effectiveness of science operations, and survey the latest astronomical results.
The information is used to prioritize future work and to keep the observatory operating as safely and efficiently as possible,

In 2012, Hubble Heritage Principal Investigator Zolt Levay proposed a spectacular planetary nebula, NGC 5189,
as one of three targets for the project. NGC 5189, a star in a late stage of evolution, is ejecting its outer layers
in a dramatic fashion. It exhibits a remarkable spiral structure that is unusual for this type of object. Excellent,
ground-based images showed intriguing details of this complex structure, which made it a good candidate for
Hubble, whose finer resolution could reveal even more detail. Furthermore, the crisp and clear images Hubble
was expected to obtain would be useful, along with analysis of the ground-based data, for developing a three-
dimensional visualization of the object.

On May 2, 2012, Levay and the Heritage team submitted a proposal for director's discretionary time. Heritage
observations were requested through the director’s discretionary process rather than the usual science proposal
process because the program'’s goal is primarily outreach. Although it is historically unusual for large observatories
to allocate telescope resources for outreach, several Institute directors have generously approved Heritage
proposals for a small fraction of the available Hubble orbits. In addition to producing images for public outreach,
these datasets have research value and are available for scientific analysis.

Several other factors were involved in the choice of NGC 5189 besides its spectacular nature. First, it is bright
enough to observe with the relatively few orbits available to the Heritage team; second, it fits neatly in Hubble's
field of view; and third, the narrow-band filters available with Wide Field Camera 3 are especially well suited to
imaging planetary nebulas.

Levay's phase-one discretionary time proposal was accepted on May 18, 2012. Then he and the Heritage team
submitted a phase-two proposal that contained specifics on how the observations would be carried out. After
these details were finalized and their technical feasibility was confirmed, the observation was scheduled.

Hubble observed NGC 5189 on July 6, 2012. The view consisted of six orbits and used five filters for a total of
426 minutes of exposure time. While this observation was accomplished in a single pointing during consecutive
orbits, this is rarely the case. Hubble often moves to an entirely different target, then returns later to complete an
observation, sometimes building a mosaic of several adjacent fields.

A planetary nebula emits light in discrete colors produced by particular chemical elements in specific physical
conditions. Color filters used in combination with the telescope’s black-and-white detectors isolate these colors
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The massive, young stellar grouping called R136 is only a few million years old and resides in the 30 Doradus
Nebula of the Large Magellanic Cloud, a satellite galaxy of our Milky Way located 170,000 light-years away. There
Is no known star-forming region in our galaxy as large or as prolific. Many of the blue stars are also among the most
massive stars known—several of them over 100 times more massive than the Sun. The brilliant stars are carving
deep cavities in the surrounding material by unleashing a torrent of ultraviolet light and hurricane-force winds of
charged particles.

Culltural rpase



Dr. Adam G. Riess received the Nobel Prize in Physics from His Majesty King Carl XVI Gustaf of Sweden at the Nobel
Prize Award Ceremony in Stockholm on December 10, 2011. Dr. Riess and his colleagues received the award for
their leadership in discovering that the expansion rate of the universe was accelerating, a phenomenon attributed
toa mysterious, unexplained “dark energy.” Dr. Riess' team used Hubble data to make the discovery. (Photo credit:
© The Nobel Foundation/Frida Westholm)
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Edwin Hubble, for whom the Hubble Space Telescope /s named, was one of the leading astronomers of the twentieth century.
His discovery in the 1920s that countless galaxies exist beyond our own Milky Way galaxy revolutionized our understanding of the
universe. Perhaps Hubble’s most notable contribution, however, was his observation that the farther apart galaxies are from each
other, the faster they move away from one another. Based on this discovery, Hubble concluded that the universe expands uniformiy.
Several scientists had also posed this idea based on Finstein’s general theory of relativity, but Hubble’s data, published in 1929,
helped convince the scientific community. In 2000, the United States Postal Service commemorated Hubble and his namesake — the
Hubble Space Telescope — with a commemorative issue of stamps.

Hubble’s data inspires both art and science around the globe. Here at New York City's American Museum of Natural History, Spectra
of distant galaxies taken by Hubble were projected on the Hayden Sphere within the Rose Center for Earth and Space. Similar
outdoor exhibits appeared in Baltimore, Maryland, and Venice, ltaly. (Photo credit: © 2011 AMNH/D. Finnin)
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holes, stellar evolution, planet impacts, cosmology, and galaxy classification, to name a few. The same is true for
online references such as Wikipedia that now are replete with Hubble photos illustrating astronomical discoveries.

During the years of Hubble's operation, there have been other major government-funded science activities. But the
Hubble project has managed to push beyond the important but narrow mission of academic inquiry to captivate
the world in the adventure of discovery with its overpowering images that both challenge and inspire. Hubble
has essentially become the “people’s telescope” and now carries the public as co-investigators as it continues
unveiling the mysteries and wonders of the universe.

Queen Elizabeth Il and Prince Philip, the Duke of Edinburgh, receive a framed photograph of the Hubble Space Telescope from
Maryland’s Senator Barbara Milkulski and Representative Steny Hoyer during a visit to the Goddard Space Flight Center in May 2007.

In October 2010, the Istituto Veneto di
Scienze, Lettere ed Arti in Venice, ltaly
featured an exhibition entitled  The
Hubble Space Telescope: Twenty Years at
the Frontier of Science. Displayed in the
beautiful and historic Palazzo Loredan,
the exhibits included many breathtaking
Hubble photos taken over the years, as
well as artifacts from the telescope and
tools used by astronauts in the missions to
repair and upgrade it. (Photo credit: Bob
Fosbury, ESA/Hubble)

Among its many honors, Hubble and its images (left to right) have been featured on NOVA, the most watched documentary series on
U.S. public television (Credit: © WGBH Educational Foundation); promoted in a popular book published by the National Geographic
Society, similar to other books that document Hubble’s history and remarkable images (Credit: © 2008 National Geographic
Society); depicted as a Google Doodle (Credit: Google, Inc.); and graced the cover of National Geographic (Credit: © National
Geographic Society).
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