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The Hubble Space Telescope - launched 1990
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servicing makes Hubble unique
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A new camera WFPC-2, and corrective optics (COSTAR)
made the telescope even better than the original specifications

“The Trouble with Hubble is Over!”
 - Senator Barbara Mikulski
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Science and Satellite Servicing

Lesson 1

If you screw up, you can fix things
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The first extra-solar planet was discovered 6 years 
after Hubble’s launch, and new instruments were 
required to make these observations

13 November 2008, Kalas et al.

R = !/D! = 5540, corresponding to a resolution element
of 0.11 nm.

The details of the data acquisition and analysis are pre-
sented in B01, and we refer the reader to that publication. In
summary, the data reduction consisted of (1) recalibrating
the two-dimensional CCD images, (2) removing cosmic-ray
events, (3) extracting one-dimensional spectra, (4) summing
the detected counts over wavelength to yield a photometric
index, and (5) correcting the resulting photometric time ser-
ies for variations that depend on the phase of theHST orbit
and for variations between visits. The only di!erence in
these procedures between B01 and the current work is in
step 4. Previously, we summed the spectra either (a) over the
entire available wavelength range or (b) over the blue and
red halves of the available range. In the present paper, we
restrict greatly the wavelength span over which we perform
the integration.

As described in B01, observations of the first transit (UT
2000 April 25) were partly compromised by a database error
in the location of the position of the spectrum on the detec-
tor. The result was that the spectrum was not entirely con-
tained within the CCD subarray. In the subsequent data
analysis, we ignored these data. Furthermore, as described
in B01, the first orbit (of five) for each visit shows photomet-
ric variability in excess of that achieved for the remaining
orbits. These variations are presumably due to the space-
craft; we omit these data as well. This leaves 417 spectra of
the 684 acquired.

Because we do not know the precise width of the feature
we seek, we select three bands of varying width, each cen-
tered on the sodium feature. We refer to these bands as
‘‘ narrow ’’ (n), ‘‘ medium ’’ (m), and ‘‘ wide ’’ (w). The n
band is the smallest wavelength range that still encompasses
the stellar sodium lines; the w band is the widest wavelength
range that permits an adjacent calibrating band to the blue.
Them band is roughly intermediate (by ratio) between these
two extremes; it is !1

3 the range of the w band, and !3 times
the range of the n band. We further define, for each of these,
a ‘‘ blue ’’ (b) and a ‘‘ red ’’ (r) band, which bracket the ‘‘ cen-
ter ’’ (c) band. The names and ranges of these nine bands are
given in Table 1 and displayed in Figure 1. For each of these
nine bands, we produce a photometric time series by the
procedure described above. The photometric index at a time
t is then identified by a letter indicating the width and a sub-
script indicating the position [e.g., ‘‘wr(t) ’’ indicates the
photometric index in the wide band, red side, at time t].
Each of these is a normalized time series, with a value of
unity when averaged over the out-of-transit observations;
the minimum values near the transit centers are approxi-
mately 0.984.

We denote the time of the center of the photometric
transit by Tc. In what follows, we consider the in-transit
observations, (i.e., those that occur between second and
third contacts, |t " Tc| < 66.111 minutes), which we denote
by tin, and the out-of-transit observations (those that
occur before first contact, or after fourth contact,
|t " Tc| > 92.125 minutes), which we denote by tout. There
are 171 in-transit observations and 207 out-of-transit obser-
vations. We ignore the small fraction (7%) of observations
that occur during ingress or egress.

2.1. Stellar Limb Darkening

One potential source of color-dependent variation in the
transit shape is stellar limb darkening (see Fig. 6 of B01; also
Jha et al. 2000; Deeg et al. 2001). In order to investigate this
possibility, we produce (for each width) the di!erence of the
red and blue bands:

nd#t$ % nb#t$ " nr#t$
md#t$ % mb#t$ "mr#t$
wd#t$ % wb#t$ " wr#t$ : #1$

The observed standard deviations in these time series
(measured over the out-of-transit observations) are
"[nd(tout)] = 3.3 & 10"4, "[md(tout)] = 3.6 & 10"4, and
"[wd(tout)] = 5.4 & 10"4. These values match the predictions
based on photon noise.

In order to check for changes in the transit depth due to
stellar limb darkening, we then calculate, for each of the

TABLE 1

Wavelength Bands

Blue Center Red

Width Identifier
Wavelength

(nm) Identifier
Wavelength

(nm) Identifier
Wavelength

(nm)

Narrow ....... nb 581.8–588.7 nc 588.7–589.9 nr 589.9–596.8
Medium ...... mb 581.8–587.4 mc 587.4–591.2 mr 591.2–596.8
Wide ........... wb 581.8–584.3 wc 584.3–594.3 wr 594.3–596.8

Fig. 1.—Portion of an STIS spectrum of HD 209458, centered on the
Na D lines. The vertical axis is the number of detected photoelectrons per
wavelength pixel after integrating over 17 pixels in cross-dispersion. The
vertical lines indicate the bandpasses over which we integrate the spectrum
to produce the photometric time series. The band nc is the set of pixels
between the two dotted lines;mc is the set between the dashed lines; wc is the
set between the dot-dashed lines. The corresponding blue bands (nb, mb,
andwb) are the sets of pixels between the left solid line and the left boundary
of the center band. Similarly, the corresponding red bands (nr, mr, and wr)
are the sets of pixels between the right edge of the center band and the right
solid line.

378 CHARBONNEAU ET AL. Vol. 568

2001 - first spectra 
with STIS installed 1997

2008 - first image 
with ACS installed 2002

HD 209458b Charbonneau et al, 2002
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courtesy of the 
HUDF09 Team
PI: Garth Illingworth 
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 2010 Hubble images early galaxies
with WFC-3 installed 2009

galaxies from when the Universe was less than 600 Myr old
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This is only possible with new camera technologies
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Science and Satellite Servicing

Lesson 2

New technologies enable new science 
and science can change faster than mission life cycles 
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HST can observe changing phenomena 

2003 2005 2007
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HST can observe 
changing 

phenomena 

V838 Mon, ACS
2002-2004

SN1987a, ACS 1994-2006
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Science and Satellite Servicing

Lesson 3

Longevity can enable new science 
 

b Planet HR 8799 b hidden in 

Hubble’s data archive since 1998 
extracted by Lafreniere et al. 2009  
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“The Hubble Space Telescope has done  
much more than just being an 
incredible research instrument.  It has 
brought the excitement of discovery 
into the homes of millions worldwide.”

– Mario Livio, Senior Astrophysicist, 

Longevity        Influence
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 HST servicing has 
sustained media impact              
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number of readers reached

2009-10:  news impact of HST 

  HST      g e n e r a t e d 
5 billion    “impressions” 
among newspapers and 

internet articles

Hubble’s readership in 2009

5 billion

# impressions = no. of stories x circulation
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Hubble Education Program 
now used in all 50 states

Reaches:

506,000 pre- and in-service
              teachers

6.3 million students per year 

Longevity        Effect Change

Undergraduate Summer School 
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Science and Satellite Servicing

Lesson 4

Longevity can enable the penetration 
of media and education markets

Missions can become a “brand”  
 

Approved for public release, distribution unlimited



0.01

0.1

1

10

100

1600 1650 1700 1750 1800 1850 1900 1950 2000
Year

Ef
fe

ct
iv

e 
Pr

im
ar

y 
A

pe
rt

ur
e 

(m
et

er
s)

Galileo

Newton

Keck

Primary Telescope Aperture vs. Time

TMT
ATLAST

16-mLBT

JWST

Space-based Telescopes

Ground-based Telescopes

Herschel

E-ELT

Courtesy Marc Postman

HST

Over four hundred years observational 
astrophysics has challenged and 

been enabled by technology
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Groundbased astrophysics usually build 
sustainable facilities and capabilities 
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The “next big space thing” the 
James Webb Space Telescope

Can we extend the life of
of a spacecraft out at L2? 

DARPA Orbital Express

The project aims to demonstrate several satellite servicing 
operations and technologies including Rendezvous, Proximity 
Operations and Station Keeping, Capture, Docking, Fluid 
(Hydrazine) Transfer, and ORU (Orbit Replaceable Unit) 
Transfer. Source http://en.wikipedia.org/wiki/Orbital_Express
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the most favorable nearby stars for habitable planets

Are we alone?

To find and characterize earth-like planets
in our solar neighborhood will take 
8m ~ 32m class space telescopes
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Future NASA heavy-lift
will make such telescopes possible
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Mars: the changing scale of robotic exploration 
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Solar collectors in space

136 most favorable nearby stars 
for habitable planets

National & Environmental
Security 

Energy

"I would like to see a 
reconnaissance of the 

planetary systems around the 
nearest 100 stars.”

Carl Sagan, 1994
(paraphrase)

Are we alone?

Geostationary orbit

Science is probably not alone in wanting large, complex, 
persistent and upgradeable facilities in space 
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30

Do we understand the threats to our national and global 
sustainability?

 - have we the tools to enable informed and timely decisions?

Can we causally relate the conditions during the Big Bang 
to the emergence of RNA and DNA? 

 - how unique was this occurrence; are we alone?
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Extend our reach – move humans beyond low Earth orbit
Explore our Earth, our Galaxy and our Universe 
       – Assemble and maintain increasingly larger capabilities in space
Expand our knowledge 

–Persistent  surveillance and reconnaissance for National Security
–Monitor greenhouse gas emissions for  arbitration and compliance 
–Enable remote sensing of other worlds and search for life
–Explore the structure of the Cosmos and find the first black holes 

We need …the right balance between manned space exploration and
robotic space exploration.  We need to manage the balance between 
looking up and looking down…                             Dr. John Holdren
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Key technology areas that need to be matured in order to realize 
large-aperture serviceable telescopes are:

30-meter space telescope concept 
(Oegerle, W. et al. 2006, SPIE) 

HST (to scale) ATLAST: 16-meter space telescope concept
(Postman et al. 2009)

Future telescopes may have to be “born in space.”
(courtesy M. Postman, this workshop)

• Active optical systems needed for realizing large, lightweight segmented 
apertures (includes mirror actuators, WFS&C, truss metrology). 
• Standardized modular designs for spacecraft bus components.
• Modular, replaceable instruments, pointing and data-handling systems.
• Expendables that can be replenished on-orbit.
• Computer-aided vision systems for remote manipulator systems operating 
with a time delay (cf. Whitcomb’s talk at this workshop).



The future of observational space astrophysics 
is inexorably linked to NASA’s future

If NASA explores a future which requires a sustainable deep space 
infrastructure - launching, constructing and upgrading observatory-
class facilities again becomes feasible  
This realizes the full potential of these substantial public investments

This has the demonstrated potential to captivate the public and 
inspire school children across this Nation; they can take 
ownership and participate in the adventure of exploration and 
discovery

Hubble’s public impact in 2009

5 billion
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