The Hubble Space Telescope
…. and it’s successor
…. plus ‘Edwin Hubble, his life and work’
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The Solar System
The Solar system formed about 5 billion (5 thousand million) years ago.
The circumference of Earth is 40,000km (25,000 miles) and of the Moon is 11,000 km (6,800 miles).
We are, on average, 93 million miles (150 million kms) from the Sun, and it takes 8 minutes 20 seconds
for light from the Sun to reach the Earth.
The average distance from the Earth to the Sun is also known as one Astronomical Unit (AU).
Astronomical units are usually used to measure distances within our Solar System.
The Earth orbits the Sun in one year. One day is the time it takes for the earth to spin round once. Other
planets orbit at different rates; eg, Jupiter takes 12 years for one orbit of the Sun; Mars takes 687 days.
The Moon orbits around the Earth once every 27.32 days. It is 250 thousand miles (400 thousand km)
away, so it takes 1.3 seconds for light to travel from the Moon to us.

Every individual star your eyes can see in the
night sky is in the Milky Way Galaxy.
Our Sun is just one minor star in one Galaxy

Distances and times
Distances in space are so huge that new measurements are needed.
The distance measurement often used is the light-year, the distance that light travels
in one year in a vacuum.
One light-year = 9.46 trillion (million million) km = 5.88 trillion (million million) miles.
If we ‘see’ a galaxy that is 5 light years away we are actually seeing it as it was 5
years ago, and have no idea if it has changed in the meantime.
The parsec is another unit of length used to measure large distances to
astronomical objects outside the Solar System. One parsec is equal to about 3.26
light-years (30 trillion km or 19 trillion miles) in length.
The Universe is 13.8 billion years old. The age of the solar system, derived from
the study of meteorites (thought to be the oldest accessible material around) is ~ 5
billion years; that of the Earth is taken as 4.6 billion years. The oldest rocks on
Earth are dated as 3.8 billion years.

Stars and Galaxies
A galaxy is a huge area in space, made up of stars, (exo)planets, moons, dust and gas.
‘Small’ galaxies can contain 100,000,000 stars, giants 100,000,000,000,000 stars, all
spinning round the galaxy’s centre.
Many galaxies are thought to have black holes at their active centres.
Recent estimates of the number of galaxies in the observable universe range from
200,000,000,000 to 2,000,000,000,000 or more, each containing more stars than all the
grains of sand on planet Earth.
Most galaxies are 3,000 to 300,000 light-years in diameter and separated by distances
of millions of light-years.
The space between galaxies is filled with a very thin gas having an average density
of less than one atom per cubic metre. Each cubic metre of air on Earth contains
about 10 trillion trillion molecules.
The largest structure of galaxies yet recognised is a cluster of superclusters named
Laniakea - which contains the Milky Way and approximately 100,000 other nearby
galaxies.

The Milky Way - a rotating spiral disc

The Milky Way is
constantly rotating.
The solar system
travels at an average
speed of 515,000
mph (828,000 km/h)
relative to the centre
of the galaxy.
It still takes us about
230 million years to
make one complete
orbit around the Milky
Way.

Andromeda Galaxy
The Andromeda Galaxy is the closest big galaxy to our Milky Way. At 2.537 million light
years from Earth, it’s the most distant thing you can see with your eyes alone.

This magnificent image of a keen astrophotographer in Moab, Utah was
taken by Brad Goldpaint. The photo captures the Andromeda Galaxy, the
Milky Way and the canyons below. It won the top prize at the Royal
Observatory Greenwich Astronomy Photographer of the Year awards 2018.

Earliest light
Light travels at 300,000 kilometres per second so when we see distant
objects we are looking back in time.
You're not seeing the sun as it is today, you're seeing an 8 minute old
sun. You're seeing 642 year-old Betelgeuse. 2.5 million year-old
Andromeda.
The universe is expanding, so stars and galaxies were closer in the past.
The moment of first light in the universe, around 370,000 years after the
Big Bang, is known as Recombination.
Electrons and protons formed hydrogen atoms; at this point the universe
transitioned from being totally opaque to transparent. Before that photons
were unable to escape from a dense ‘particle soup’.
This is the earliest possible light that astronomers can see - the Cosmic
Microwave Background (CMB) radiation.

How far can we ‘see’?
A huge blue star nicknamed Icarus is the farthest individual star ever ‘seen’.
Astronomers using the Hubble Space Telescope were able to identify this
distant star and set a new distance record.
The star is so far away that its light has taken 9 billion years to reach Earth.
It appears to us as it did when the universe was about 30% of its current age.
Redshift is a phenomenon where electromagnetic radiation (such as light)
from an object undergoes an increase in wavelength when objects move
apart in space. This is an example of the Doppler eﬀect.
GN-z11 is a high-redshift galaxy found in the constellation Ursa Major and is
currently the oldest and most distant known galaxy in the observable
universe. The redshift corresponds to a proper distance of approximately
32 billion light-years.
GN-z11 is observed as it existed 13.4 billion years ago, just 400 million years
after the Big Bang.

The Hubble Space Telescope
(HST)
• Technology
• Cost
• Management
• Maintenance
• Science

Introduction to the
Hubble Space Telescope
https://www.youtube.com/watch?v=073GwPbyFxE

Hubble Space Telescope
The Hubble Space Telescope (HST) was launched into low Earth orbit in
April1990 and remains in operation. Although not the first space telescope,
Hubble is one of the largest and most versatile, and is both a vital research
tool and a public relations boon for NASA and astronomy generally.

The HST is named
after the
astronomer Edwin
Hubble, and is one
of NASA's Great
Observatories,
along with the
Compton Gamma
Ray Observatory,
the Chandra X-ray
Observatory, and
the Spitzer Space
Telescope.

Design, build operation and servicing
With a 2.4-metre (7.9 ft) mirror, Hubble's four main instruments observe in the near
ultraviolet, visible, and near infrared spectra.
Hubble orbits outside the distortion of Earth's atmosphere, which allows it to take
extremely high-resolution images with substantially lower background light than
ground-based telescopes.
The Hubble Space Telescope (HST) was built by the National Aeronautics and Space
Administration (NASA), with contributions from the European Space Agency (ESA).
The Space Telescope Science Institute (STScI) selects Hubble's targets & processes the
resulting data; the Goddard Space Flight Center controls the spacecraft.

Hubble was funded in the 1970s, with a proposed launch in 1983, but the project was
delayed by technical issues, budget problems, and the Challenger disaster (1986).
When finally launched in 1990, Hubble's main mirror was found to have been ground
incorrectly. The optics were corrected by a servicing mission in 1993.
Hubble is the only telescope designed to be serviced in space by astronauts.
The telescope is (May 2020) still operating, and could continue until 2030–2040.

HST facts
NASA named the world's first space-based optical telescope after American astronomer
Edwin P. Hubble (1889 -- 1953) who confirmed an "expanding" universe, which provided the
foundation for the big-bang theory.
Mission
• Launch: April 24, 1990, from space shuttle Discovery (STS-31)
• Deployment: April 25, 1990
• First Image: May 20, 1990: Star cluster NGC 3532
• Servicing Mission 1 (STS-61): December 1993
• Servicing Mission 2 (STS-82): February 1997
• Servicing Mission 3A (STS-103): December 1999
• Servicing Mission 3B (STS-109): February 2002
• Servicing Mission 4 (STS-125): May 2009
Size
• Length: 43.5 feet (13.2 m)
• Weight: At Launch: about 24,000 pounds (10,886 kg)
• Post Servicing Mission 4: about 27,000 pounds (12,247 kg)
• Maximum Diameter: 14 feet (4.2 m)
Orbital Statistics
• Low Earth Orbit: Altitude of 340 miles (295 nautical miles, or 547 km), inclined 28.5
degrees to the equator
• Time to Complete One Orbit: about 95 minutes
• Speed: about 17,000 mph (27,300 kph)

HST facts
/2

Hubble uses two mirrors, laid out in a Cassegrain telescope design, to
collect and focus light. After light travels down the length of the telescope, it
hits the concave, or bowl-shaped, primary mirror. The light reflects off of the
primary mirror and travels back toward the front of the telescope. There it
hits the secondary mirror, which is convex, or dome-shaped. The secondary
mirror concentrates the light into a beam the size of a dinner plate that
travels back toward and then through a hole in the primary mirror. The light
is then directed into science and guidance instruments for analysis.

HST facts /3
Optical Capabilities
• Sensitivity to Light: Ultraviolet through Infrared (115–2500 nanometers)

Hubble's Mirrors
• Primary Mirror Diameter:
94.5 inches (2.4 m)
• Primary Mirror Weight:
1,825 pounds (828 kg)
• Secondary Mirror Diameter:
12 inches (0.3 m)
• Secondary Mirror Weight:
27.4 pounds (12.3 kg)

HST facts / 4
Pointing Accuracy
• In order to take images of distant, faint objects, Hubble must be extremely
steady and accurate. The telescope is able to lock onto a target without
deviating more than the width of a human hair seen at a distance of 1 mile.
• Note that it is in Earth orbit, so has to continually adjust.
Data Volume
• Hubble transmits about 150 gigabits of raw science data every week.
Power
• Energy Source: The Sun
• Mechanism: Two 25-foot solar panels
• Power Generation (in Sunlight): about 5,500 watts
• Power Usage (Average): about 2,100 watts
Power Storage
• Batteries: 6 nickel-hydrogen (NiH)
• Storage Capacity: 15kwh - equal to about 22 average car batteries - enough
energy to sustain the telescope in normal science operation mode for 7.5
hours, or five orbits

Costs
Initial estimate $400 to $500 million
Final cost at launch $1.5 billion in 1990 dollars
(approximately $2.87 billion in 2017 dollars.)
Each servicing mission cost around $90 $100 million

Remarkable images
A photograph of a region in
the Carina Nebula, known as
‘Mystic Mountain’.
Captured by the thennew Wide Field Camera 3,
though the region was also
viewed by the previous
generation instrument.
The new view celebrated the
telescope's 20th anniversary
in 2010. Mystic Mountain
contains multiple objects
where young stars are firing
off jets of gas which interact
with surrounding clouds of
gas & dust.
This region is about
7,500 light-years away from
Earth. The pillar is around
three light-years in height.

Guidance and control systems
While operating in Earth orbit, the Hubble Space Telescope depends on a robust Pointing
Control System to determine the direction in which it is pointing (called its attitude), to turn
toward a celestial target, and to remain fixed on that target during observations.
The Pointing Control System uses two sets of hardware: sensors and actuators. Sensors
gather information about the spacecraft’s attitude from the Sun, the stars and Earth’s magnetic
field. Actuators physically rotate the telescope to point in a particular direction.

Pointing Control System - Sensors
& Gyroscopes
Five types of sensors make up the Pointing Control System
The Coarse Sun Sensors determine the orientation of Hubble in relation
to the Sun.
The Magnetic Sensing System acts as Hubble’s compass, measuring
the telescope’s orientation in relation to Earth’s magnetic field.
When Hubble rotates, its gyroscopes measure the direction the
telescope is turning and the rate of that rotation.
Typically, three gyroscopes are used at a time to measure Hubble’s
rotation rate in all three dimensions in order to maximise the efficiency of
the Pointing Control System and the amount of science that can be
conducted.

Pointing Control System - Star Trackers &
Fine Guidance System
The Fixed Head Star Trackers determine Hubble’s attitude by
measuring the locations & brightnesses of stars in their field of view.
This increases the accuracy of the observatory’s attitude so that the
Fine Guidance System can lock onto guide stars.
The Fine Guidance System (FGS) is Hubble’s most accurate pointing sensor.
The telescope is able to lock onto a target without deviating more than the
width of a human hair seen at a distance of 1 mile - or holding a laser beam
focused on the Queen’s head on a 5p piece roughly 200 miles away for 24
hours.

Actuators
Two actuator systems physically rotate Hubble: the Reaction Wheel Assemblies and the
magnetic torquers.
There are four massive reaction wheels; if one of these turns clockwise, Hubble will turn
counterclockwise. Changing the spin speed of any of the wheels produces a rotational force.
The reaction wheels are each approximately two feet wide, but in microgravity they can
move, slowly, the school-bus-sized Hubble because of their high spin rate and their mass.
The 4 magnetic torquers are
eight-foot iron rods wrapped
in wires that produce a
magnetic field which moves
Hubble in relation to Earth’s
magnetic field, rotating the
telescope.
They are located at 90degree intervals on the
outside of the spacecraft and
are used to help reduce
reaction wheel speeds,
which can build up because
of drag caused by Earth’s
atmosphere (which, at
Hubble’s orbit, is very thin
but still present).

During Servicing Mission 3B in March 2002, astronauts Michael Massimino (left) and
James Newman (right) replaced one of Hubble’s four reaction wheel assemblies,
which help turn the spacecraft. Note the Space Shuttle parked nearby.

Instruments
Hubble accommodates five science instruments plus the Fine Guidance Sensors, which are
mainly used for aiming the telescope but are occasionally used for science (astrometry).
Early instruments were replaced with more advanced ones during the servicing missions.
COSTAR was strictly a corrective optics device rather than a true science instrument, but
occupied one of the five instrument bays.
Since the final servicing mission in 2009, the four active instruments have been ACS, COS,
STIS and WFC3. NICMOS is kept in hibernation, but may be revived if WFC3 were to fail in the
future.
• Advanced Camera for Surveys (ACS; 2002–present)
• Cosmic Origins Spectrograph (COS; 2009–present)
• Corrective Optics Space Telescope Axial Replacement (COSTAR; 1993–2009)
• Faint Object Camera (FOC; 1990–2002)
• Faint Object Spectrograph (FOS; 1990–1997)
• Fine Guidance Sensor (FGS; 1990–present)
• Goddard High Resolution Spectrograph (GHRS/HRS; 1990–1997)
• High Speed Photometer (HSP; 1990–1993)
• Near Infrared Camera and Multi-Object Spectrometer (NICMOS; 1997–present, hibernating
since 2008)
• Space Telescope Imaging Spectrograph (STIS; 1997–present (non-operative 2004–2009))
• Wide Field and Planetary Camera (WFPC; 1990–1993)
• Wide Field and Planetary Camera 2 (WFPC2; 1993–2009)
• Wide Field Camera 3 (WFC3; 2009–present)

Computing and data processing
At launch, the primary computers on the HST were the 1.25 MHz DF-224 system, built by
Rockwell Autonetics, which contained three redundant CPUs, and two redundant NASA
NSSC-1 standard systems developed by Westinghouse and GSFC. A co-processor for the
DF-224 was added during Servicing Mission 1 in 1993, which consisted of two redundant
strings of an Intel-based 80386 processor with an 80387 math co-processor.
The DF-224 and its 386 co-processor were replaced by a 25 MHz Intel-based 80486
processor system during Servicing Mission 3A in 1999. The new computer was 20 times
faster, with six times more memory, than the DF-224 it replaced.
It increased throughput by moving some
computing tasks from the ground to the
spacecraft and saved money by allowing
the use of modern programming
languages.
Additionally, some of the science
instruments and components had their
own embedded microprocessor-based
control systems. For example, the MATs
(Multiple Access Transponder)
components, MAT-1 and MAT-2, utilised
Hughes Aircraft CDP1802CD
microprocessors.

DF-224 in Hubble, before it was replaced in 1999

Mirror problem
As soon as the telescope was commissioned, the images returned had
obvious problems.
Hubble failed to achieve a final sharp focus and the best image quality
obtained was drastically lower than expected.

An extract from a WFPC image shows the light from a star spread over a wide area instead of being
concentrated on a few pixels.

Mirror problem /2
An inquiry found that two major mistakes had been made in setting up the mirror grinding.
A null corrector, an optical device used in the testing of large mirrors, was used by the
company making the main mirror.
The set-up procedure involved auto-reflecting a focused beam of light oﬀ the end of a rod
and observing an interference pattern from the beam that was returned. Centring the light
beam at the right point on the rod end was essential for the measurement.
The engineer should have spray painted the end cap on the rod but instead covered it in
black tape. He then used a sharp knife to cut a hole in the tape but made a small burr at the
top.
So light reflected from the burr and not the correct point on the rod.
A second, less precise, null corrector had spotted the error but that was discounted by
the team as they assumed that the ‘better’ null corrector was accurate.
Without investigating the problem, the engineers ‘bodged in’ three washers to move the
position of the rod end by 1.3mm. That led directly to the mirror being ground incorrectly.

Servicing missions
Hubble has been serviced five times. These are the highlights of each servicing mission:
Servicing Mission 1 - STS-61, December 1993: The corrective optics package was installed,
and the Wide Field Planetary Camera was replaced with the Wide Field and Planetary Camera 2
(including an internal optical correction system.) The computers were upgraded. The astronauts
also replaced solar arrays, gyroscopes, magnetometers, computers and other equipment.
Servicing Mission 2 - STS-82, February 1997: Among other tasks, astronauts installed the
Space Telescope Imaging Spectrograph (STIS) and the Near Infrared Camera and Multi-Object
Spectrometer (NICMOS), replacing the GHRS and the FOS (two Spectrographs).
Servicing Mission 3A - STS-103, December 1999: This mission was divided into two parts after
three of the six gyroscopes (pointing devices) failed on Hubble. Just a few weeks before 3A
lifted off, a fourth gyroscope failed and left the telescope unable to point in the right direction for
observations. 3A replaced all the gyroscopes, a fine guidance sensor and the computer.
Servicing Mission 3B - STS-109, March 2002: This mission installed the Advanced Camera for
Surveys (replacing the Faint Object Camera), repaired NICMOS and replaced the solar arrays.
Servicing Mission 4 - STS-125, May 2009: First scheduled for February 2005, but cancelled
after the Columbia shuttle was damaged during launch and broke up during re-entry in 2003.
However, following an outcry from Congress, the scientific community and the public, the mission
was reinstated and scheduled for 2008. When one of Hubble's data-handling units failed, the
mission was pushed back to 2009 to include a replacement part for that, too. The astronauts on
Mission 4 repaired or replaced several systems and installed two new instruments: Wide Field
Camera 3 and the Cosmic Origins Spectrograph.

Image manipulation and enhancement
Hubble operates much like a digital camera, using what's called a CCD
(charge-coupled device) to record incoming photons of light.

The camera doesn't measure the colour of the incoming light directly - the
telescope does have various filters that can be applied to let in only a specific
wavelength range, or colour, of light.

For some images the end result is a close approximation of the colours people
would see with their own eyes.

For other Hubble images, scientists assign colours to the filters that don't
correspond to what that light would look like to human eyes, e.g. using light
from infrared & ultraviolet filters, since those wavelengths have no natural
colours, or when combining light from different shades of the same colour.

Before-and-after images
To celebrate its 25th
anniversary, Hubble
revisited the famous
‘Pillars of Creation’,
providing astronomers
with a sharper and wider
view.
The pillars have been
photographed in nearinfrared light, as well as
visible light.
The infrared light
penetrates much of the
gas and dust, except for
the densest regions of
the pillars. Newborn
stars can be seen hidden
away inside the pillars.

Then, in 2020,
scientists revisited
this image using
infrared light.
This region is
located about 6,500
to 7,000 light-years
from Earth and is
part of the larger
region known as the
Eagle Nebula which
is a stellar nursery
in the constellation
Serpens.
The "pillars" stretch
about 4 to 5 lightyears long; the
Eagle Nebula spans
55-70 light-years.

https://www.spacetelescope.org/videos/heic1501a/

Use of the telescope
Anyone can apply for time on the telescope; there are no restrictions on
nationality or academic affiliation
Calls for proposals are issued roughly annually, with time allocated for a cycle
lasting about one year.
Astronomers may make "Target of Opportunity" proposals, in which
observations are scheduled if a transient event covered by the proposal occurs
during the scheduling cycle.
In addition, up to 10% of the telescope time is designated "director's
discretionary" (DD) time.
The first director of the Space Telescope Science Institute (STScI), Riccardo
Giacconi, announced in 1986 that he intended to devote some of his director
discretionary time to allowing amateur astronomers to use the telescope.

HST discoveries
Hubble's position in low-earth orbit and it’s powerful optics
allow it to peer farther away than previous ground-based
optics are able to see.
In orbit for three decades, the HST has provided scientists with
a greater understanding of the whole universe.
Significant discoveries include:
• Creating a 3-D map of dark matter.
• Discovering Nix and Hydra, two moons of Pluto.
• Helping determine the rate of the universe's expansion.
• Discovering that nearly every major galaxy is anchored by a
black hole.
• Helping refine the age of the universe

April 2020
At the end of April the HST captured new images of a comet breaking apart.
Comet C/2019 Y4 (ATLAS) was discovered in December and brightened through March,
leading astronomers to guess it might become visible to the naked eye as it passed about
116 million kilometres (72 million miles) from Earth in May. Unfortunately, the comet’s icy
core appears to have fragmented, all but ending hopes for a good show in the night sky.

Recommended book
Found in Camberley Library!

The Universe in a Mirror
by Robert Zimmerman
‘The saga of the Hubble Space Telescope and the
visionaries who built it’

The James Webb
Space Telescope
(JWST)

Introduction to JWST

https://www.youtube.com/watch?v=5l63I9JpWgA

JWST Overview
Plans for a Hubble successor let to the proposal for the James Webb Space
Telescope (JWST). Very diﬀerent from a scaled-up Hubble, it is designed to
operate colder and farther away from the Earth so that thermal and optical
interference from the Earth and Moon are lessened.
It is not engineered to be fully serviceable (such as replaceable instruments), but
the design includes a docking ring to enable visits from other spacecraft.
A main scientific goal of JWST is to observe the most distant objects in the
universe, beyond the reach of existing instruments. It is expected to detect stars
in the early Universe approximately 280 million years older than stars HST now
detects.
Unlike the Hubble, which observes in the near ultraviolet, visible, and near
infrared (0.1 to 1 μm) spectra, the JWST will observe in a lower frequency range
from long-wavelength visible light through mid-infrared (0.6 to 27 μm). This will
allow the JWST to observe high redshift objects that are too old and too distant
for the Hubble and other earlier instruments to observe.

The JWST's primary mirror comprises 18 hexagonal mirror segments made of goldcoated beryllium. These combine to create a 6.5-metre (21 ft 4 in) diameter mirror
that is much larger than the Hubble's 2.4-metre (7 ft 10 in) mirror.
The telescope must be kept very cold to observe in the infrared without interference.

JWST will orbit the Sun at Lagrange point 2

The L2 point lies on the line through the two large masses, beyond the smaller of
the two. Here, the gravitational forces of the two large masses balance the
centrifugal effect on a body at L2.
On the opposite side of Earth from the Sun, the orbital period of an object would
normally be greater than that of Earth. The extra pull of Earth's gravity decreases
the orbital period of the object, and at the L2 point that orbital period becomes
equal to Earth's. Like L1, L2 is about 1.5 million kilometres or 0.01 au from Earth.

Deployment

https://www.youtube.com/watch?v=vpVz3UrSsE4

Instruments
Near InfraRed Camera (NIRCam) is an infrared imager which will have a spectral
coverage ranging from the edge of the visible (0.6 micrometers) through the near
infrared (5 micrometers).
Near InfraRed Spectrograph (NIRSpec) will also perform spectroscopy over the
same wavelength range. It was built by ESA at ESTEC in Noordwijk, Netherlands.
Mid-InfraRed Instrument (MIRI) will measure the mid-to-long-infrared wavelength
range from 5 to 27 micrometers. It contains both a mid-infrared camera and an
imaging spectrometer. MIRI was developed as a collaboration between NASA & a
consortium of European countries including the UK Astronomy Technology Centre,
Edinburgh.
Fine Guidance Sensor and Near InfraRed Imager and Slitless
Spectrograph (FGS/NIRISS), led by the Canadian Space Agency, is used to
stabilise the line-of-sight of the observatory during science observations.
The Canadian Space Agency is also providing a Near Infrared Imager and Slitless
Spectrograph (NIRISS) module for astronomical imaging and spectroscopy in
the 0.8 to 5 micrometer wavelength range.

JWST Science Objectives
The science goals can be grouped into four themes:
The End of the Dark Ages: First Light and Reionization - Studies in the
infrared vision that will look back over 13.5 billion years to see the first stars
and galaxies forming in the early universe.
Assembly of Galaxies - JWST's very high infrared sensitivity will help
astronomers to compare the faintest, earliest galaxies to today's grand spirals and
ellipticals, helping us to understand how galaxies assemble over billions of years.
The Birth of Stars and Protoplanetary Systems - JWST will be able to see
right through and into massive clouds of dust that are opaque to visible-light
observatories like Hubble, where stars and planetary systems are being born.
Planetary Systems and the Origins of Life - JWST will tell us more about the
atmospheres of extrasolar planets, and perhaps even find the building blocks
of life elsewhere in the universe. In addition to other planetary systems, JWST
will also study objects within our own Solar System.

Launch, deployment & mission length
Launch is (currently) planned for March 30, 2021, on an Ariane
5 rocket (although work is currently paused due to Covid-19).
The observatory attaches to the Ariane 5 rocket via an adapter
ring which could potentially be used to grapple the observatory to
attempt to fix gross deployment problems.
The telescope itself is not serviceable, and astronauts would not
be able to perform tasks such as swapping instruments, as with
Hubble. Nominal mission time is five years, with a goal of ten.
JWST needs to use propellant to maintain its halo orbit around
L2, which provides an upper limit to its designed lifetime, and it is
being designed to carry enough for ten years.

Costs and delays
1997, Planned launch 2007, cost $0.5 billion
2018, Planned launch 2021, cost $9.66 billion
2019, Planned launch 2021, cost $10.00 billion +
Development began in 1996, but the project has had numerous delays and cost
overruns, and underwent a major redesign in 2005. In December 2016, NASA
announced that construction of the JWST was complete and that its extensive
testing phase would begin.
This is now high risk due to ongoing engineering problems and delays caused
by the Covid-19 virus (which as of April 2020 has also closed the launch site in
French Guyana).
Since 2016, three major errors in build and test have set the project back 1½
years and about $600 million.
NASA has been warned that further funding is in doubt if there are any more
delays or cost overruns

Edwin Hubble
His life and work
How one of the world’s greatest astronomers shaped our
understanding of the universe

Early Life
Edwin Powell Hubble was born 20 November 1889 in Marshfield,
Missouri, USA.
He moved to Illinois in 1900 and was an athletic youth who favoured
sports over science, becoming a gifted athlete in various sporting
pursuits including baseball and basketball.
He was a strong student academically as well, and in 1910 he graduated
from the University of Chicago with a bachelor of science degree in law,
his studies having focused on mathematics, astronomy and philosophy.
He then travelled to England where he spent three years at Queen’s
College, Oxford studying jurisprudence, literature and Spanish, before
returning to his family’s new home in Kentucky to care for his mother and
siblings following the death of his father in 1913.

Education and Army career
Hubble’s father had wanted his son to practise law rather than science,
and Hubble had done so until his return to the USA, when he found his
interest in law waning.
At the age of 25, after a brief stint as a teacher, he decided to concentrate
on becoming a professional astronomer. By 1917, three years later, he
had received a PhD in astronomy from the University of Chicago after
studying at the Yerkes Observatory.
Hubble volunteered for the army when the United States declared war on
Germany in World War I. He quickly rose to the rank of lieutenant-colonel
but never saw combat.
Following the end of the war he resumed his studies of astronomy in
Cambridge for a year before being offered a position at the Mount Wilson
Observatory near Pasadena, California.

Discovering the Andromeda Galaxy
At Mount Wilson he was given access to a newly built 100inch (2.5-metre) telescope, the most powerful in the world at
the time, called the Hooker telescope.
In 1923, he trained the telescope on a particularly hazy patch
of the sky that appeared to be a star cluster in our galaxy.
However, measuring the distance to this cluster, he realised
that it was not a part of the Milky Way but an entirely new
galaxy that we know today as the Andromeda Galaxy.
This would be one of Hubble’s most groundbreaking
discoveries.

Andromeda

Many Galaxies
Until then, it had been thought that the Milky Way was the extent of the
cosmos.
However, Hubble’s discovery that we were just one of many more
galaxies, later calculated to number in the billions, completely changed
our understanding of the universe. Hubble found galaxies of differing
sizes and distances that challenged our preconceptions of the cosmos.
It was akin to finding that the Solar System was not the extent of
space, or that the Earth was not flat; we were but a small part of a
small system in a small galaxy in a giant universe.
Towards the end of the 1920s Hubble had discovered enough galaxies
that he was able to compare them to one another and create a
classification system, known as the Hubble Classification or Tuning
Fork diagram, which grouped galaxies into ellipticals, spirals and
barred spirals.

The Hubble Sequence

More discoveries
Together with his colleague Milton Humason, Hubble
studied the spectra of 46 galaxies to make a further
groundbreaking discovery, namely that the galaxies
were all moving away from us, with those further away
moving the fastest.
He correctly deduced that this was due to the universe
expanding. He estimated the expansion at 500
kilometres (310 miles) per second per megaparsec
(one megaparsec being about 3.26 million light years),
a value known as the Hubble Constant

The Hubble constant
The Hubble Constant is the unit of measurement used to describe the
expansion of the universe.
The cosmos has been getting bigger since the Big Bang kick-started
the growth about 13.8 billion years ago.
The universe, is getting faster in its acceleration as it gets bigger.
What's interesting about the expansion is not only the rate, but also the
implications.
If the expansion begins to slow down, that implies that there is
something in the universe that is making the growth slow down —
perhaps dark matter, which can't be sensed with conventional
instruments.
If the growth gets faster, though, it's possible that dark energy is
pushing the expansion faster.

Another book in
Camberley Library
•

The Realm of the Nebulae by Edwin Hubble

•

“In less than a century, the accepted picture of the universe
transformed from a stagnant place, composed entirely of our
own Milky Way galaxy, to a realm inhabited by billions of
individual galaxies, hurtling away from one another. We
must thank, in part, Edwin P. Hubble, one of the greatest
observational astronomers of the 20th century. In 1936,
Hubble described his principal observations and conclusions
in The Realm of the Nebulae, which quickly became a
classic work. Two new introductory pieces, by Robert P.
Kirshner and Sean M. Carroll, explain advances since
Hubble's time and his work's foundational importance.”

Thank you for joining.
I hope the presentation went well from your perspective.
Please let me have your feedback by email, via Ian.
The Astronomy & Space Science Group are running two
meetings a month online during the summer term. You would
be very welcome to join in.
I hope to ‘see’ you at another meeting soon.
Until then, I hope that you and your families and friends stay
safe and well.

