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Understanding the Universe and the Things
That Live in It Through Astronomical Surveys

James Gunn

Like many children, I was fascinated by the night sky from the beginning. I was
lucky enough to have a father who was a geophysicist who also had great interest in
astronomy, and since I learned to read at a very early age, I began reading books about
the subject, and, with my father, began building and using telescopes. I followed that
path to become a professional astronomer, and have stayed on it for a career which
spans nearly six decades.

I will tell you a bit about my childhood and growing up and education, and about
the subject of the title of this presentation. You will see that all astronomers study
objects in the heavens, but the emphasis and direction of that study can either be the
detailed study of one or a few objects (in many cases astronomers spend their whole
careers studying a single object or a small class of objects) or, for the generalists,
surveys which deal whole populations...the distinction is a bit, in human studies, like the
difference between biography and sociology. I have always been most interested in
surveys, designing specialized instruments to perform them, designing them in ways
which maximize their information return, and dealing with the processing and storage
of the vast amounts of data which they can produce. The first very large optical sky
survey producing well-calibrated digital data was the Sloan Digital Sky Survey (SDSS),
which I designed and originated, and served as Project Scientist for many years. It was
primarily for this work that the Inamori Foundation graciously awarded me this prize,
and so was the primary reason I stand before you today.

1. Growing up

I was born in 1938, which was a very long time ago, to a mother who was a very
talented artist but who gave up art as soon as she married, and a father who was a
geophysicist who worked for an oil company prospecting for new oil and gas deposits.
His work carried him all over the southern United States, and my mother and I traveled
with him, staying typically in one place for a few months to a year. It was a rather strange
childhood; I was an only child, and we did not stay in a place long enough for me to
make close friends. My father led a small prospecting group, and there were a few other
children close to my age in the group. But we never overlapped very long. My father’s
work was considered essential to the war effort during World War II, so he did not serve
in the military during the war, which was during my early childhood, he was responsible
for maintaining the vehicles and instruments necessary for his work, and parts were

very difficult to find during and in the few years after the war, so he became an expert
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machinist and we carried with us as we moved about a small machine shop built into a
trailer. This shop was very much part of my childhood, and I learned to use the tools—
lathe, grinder, drill press, welders—when I was quite young, and learned a bit about
optics and building telescopes. My first astronomy book was a beautiful little book
called “The Stars for Sam” written as part of a nature series for children. My second was
my father’s undergraduate textbook, and I learned for the first time a little bit about
what astronomers actually do, though I did not really understand that for many years.

In 1950, when I was twelve years old, my father, at age 43, died of a massive heart
attack. He was my mentor, guide, best and only good friend, and I was completely
devastated. We were in a small town in Arkansas, Camden, and did not know others
very well, but I still remember how wonderfully the people around us to support us in
this trouble. My mother and I moved to a little town in south Texas, Beeville, where she
had a sister. I finally settled down and began to be a somewhat more normal child, with
friends and sports (tennis), and interested some close friends in astronomy and rockets
and model airplanes, in all of which I was very active.

My mother married again after about four years to a very wonderful man who was
a career soldier, but not a fighting soldier; Bill was in military education, attempting to
complete the education of many young men who joined the military before finishing
high school. But Army meant moving again, and we moved to a town called New
Boston. The base where my stepfather was stationed had a large shop which the
soldiers and their families could use, and I began again in earnest building telescopes.
Then my stepfather was sent to a base in Japan, and my mother and I returned to
Beeville. I soon started my most ambitious amateur telescope project, an eight-inch /5
reflector, for which I ground and polished the mirror, built all of the mount, a camera,
and later built a solid state oscillator and drive for the motor so that the telescope could
be run from a car battery far from sources of electricity (Fig. 1). I was able to get
photographs with this instrument of galaxies and nebulae, and this resulted in my first
astronomical publication, in 1965 (Fig. 1). During my high school years I encountered
my third important astronomy book, Fred Hoyle’s “Frontiers of Astronomy”, which
finally tied my interests in mathematics, physics, and astronomy together and told me a
little about what being a professional astronomer was like. It was clear at this point what
I would try to do with my life, and I wanted to do all of the three things I knew: theory,

observation, and instrument making.
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2. My Education

I went to undergraduate school at Rice Institute in 1961, took a degree in
mathematics and physics, and was introduced in those very early days of scientific
computing to computational mathematics.

Then, in the fall of 1965, to Caltech to graduate school in astrophysics. My first
“professional” instrument came in my first year. Since I knew about solid-state
electronics from my telescope project, I could use that knowledge to design and build a
machine which could calibrate the scans of photographic plates to the intensity of light
which exposed the plate, and thus allow quantitative interpretation of photographic
images and spectra. Photography was the only way astronomers could record images at
the time, and the photographic medium was difficult to calibrate, nonlinear, nonuniform,
and very inefficient. Using photography as well as possible, and later, doing better than
photography could do has been a major theme of my career since the very beginning.

My dissertation was on the statistics of galaxies in space, how they are distributed
and clustered, and was the first survey work I did, using new, more efficient
photographic emulsions on very large glass plates for the 1.2-meter Schmidt camera at
Palomar.

After obtaining my Ph.D., I had a military obligation, which I was able to serve as
a liaison to NASA at the Jet Propulsion Laboratory instead of going to Vietnam, thanks
to Jesse Greenstein, chairman of the department at Caltech. During my time at JPL, I
developed the optical design code which was to be used for instruments from then on,
and designed and built several instruments for their very nice 0.6-meter planetary
telescope.

3. Early Career: Princeton and Caltech

Then to Princeton as a junior faculty member, and worked with Jerry Ostriker on
the theory of pulsars and Richard Gott on spherical but fully nonlinear perturbations in
cosmology, which allowed a number of insights into the just-developing field of the
formation of galaxies and giant clusters of galaxies.

In 1970, I returned to Caltech as faculty, and began work with Bev Oke on a
photographic survey of distant clusters of galaxies, again with the new photographic
emulsions. Bev had developed a 32-channel spectrometer for the 200-inch telescope

which was the most sensitive instrument in the world for recording the spectra of faint
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galaxies, albeit with fairly low spectral resolution.

Technical Aside: Spectroscopy

A word about spectra, which I have mentioned before, and which play an
enormous role in astrophysics and my career (Fig. 2). The light which comes to us from
astronomical objects is usually very complex. Most of the light from a galaxy, for
instance, comes from tens of billions of stars and large but very tenuous hot gas clouds
in the galaxy. The sun has a surface temperature of about 6,000 degrees Kelvin, and our
biology has adapted so that we see light from the sun as “white”. Cooler stars, which
emit more long-wavelength light, appear red; hotter ones, which emit more short-
wavelength light, blue. But the light is much more complicated than just simple
perceived color. When the light is broken down into hundreds or thousands of colors by
wavelength, the light tells us much more than temperature, because individual chemical
elements emit or absorb light at characteristic wavelengths. Thus the spectrum of an
astronomical object, the amount of energy we receive at each wavelength, also tells us
what the object is made of. We can tell that a galaxy billions of light-years away has stars
containing hydrogen, calcium, carbon, nitrogen, all of the elements we know on earth,
though it is far too distant to actually get material from it. But there is even more. When
an object is approaching us or receding from us at some speed, the spectral features
from the elements in it are shifted in wavelength by the Doppler effect, to the blue
(shorter wavelengths) when approaching, to the red (longer wavelengths) when
receding, so we can measure the velocity of an object along the line of sight to it as well
as its composition. It is the motion of stars in a galaxy which support the galaxy against
its own gravity, just as it is the orbital motion of the planets in the solar system which
keeps them from falling into the sun. We can seldom see the individual stars in a galaxy,
but we can infer how fast they are moving by looking at the width of these spectral
features, because the stars moving away shift to the red, those moving toward us to the
blue, and all added together make a wider feature than would be seen from a star at rest.
So by analyzing the light from a distant galaxy with a spectrograph, which is the

instrument which does this analysis, we can learn many things about it:

a. The temperature of a star or the mean temperature of a collection of stars, such

as a galaxy
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b. The chemical composition of the object

c¢. The bulk motion of the object toward or away from us from the Doppler shift

d. The internal velocities within an object

So spectroscopy is the fundamental tool for astrophysics. We can learn much from
pictures, but we really have not much idea about the nature of objects we see without
spectroscopy. We can learn about the universe only by using both imaging and
spectroscopy, and at that really only if we cover as much wavelength range as we can.
The atmosphere of the Earth (fortunately) is transparent in the wavelength range in
which most of the energy from the sun is radiated, but to study very hot objects we need
the ultraviolet and for some very energetic objects even shorter wavelengths, in the X-
and gamma-ray regions, where the atmosphere is opaque, and for very cool—or very
rapidly receding—objects we need the infrared, where the atmosphere is both much
less transparent and is itself strongly radiating, which makes working on faint objects
very difficult. It is for these reasons, as well as the turbulence in the atmosphere which
severely limits the detail we can see in astronomical imaging, which has driven the need
for astronomy from space.

Now notice a very important thing about spectroscopy. The image of a galaxy uses
light at many wavelengths, even with color filters which select only blue, green, red, or
near infrared light. Spectroscopy, on the other hand, splits the light into many, many
colors, and the amount of energy in each one is a tiny fraction, a percent or much less,
of the total light. So the detectors used in spectroscopy must be much more sensitive
than the detectors used in imaging for an astronomical source of a given brightness, or,
with a given detector, one can only study objects very much brighter than the faintest

ones you can image.

4. Late Caltech, Westphal, CCDs, and Space Telescope

So astronomers are very intent on finding and using the most sensitive detectors
possible. The efficiency of such detectors is measured by a quantity called the quantum
efficiency or QE, which is the probability that one incoming photon of light produces a
measurable signal. Also important is the detector noise, which limits how small a signal
can be measured. When I began my career, the only detectors used for both imaging
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and spectroscopy were photographic plates, for which the QE is less than one percent.
There were detectors called photomultipliers which ad QE of twenty percent or so, but
they just measured light and did not make an image; they were used to measure the
brightness and colors of objects using colored filters. Bev Oke’s spectrometer used 32
of these on the output of a spectrograph, so measured the light at 32 wavelengths
simultaneously.

While I was at Caltech I met Jim Westphal, who was an astronomer who mostly
studied planets but was also very interested in detectors (and everything else—he was
truly amazing), and the development of detectors for very low-light level applications
like astronomy was very active. We used this technology as it developed both for
imaging and spectroscopy. The Jet Propulsion Laboratory (JPL) was closely associated
with Caltech, and Jim Janesick at JPL was working with Morley Blouke at Texas
Instruments on a marvelous detector which had been invented a few years before by
Bell Laboratories called a charge-coupled device (CCD), which had QEs near unity (i.e.,
perfect), made images, and had detector noise small enough to allow the measurement
of very faint objects. NASA were interested in these for planetary space missions, but it
was clear that they would be very useful for astronomy from the ground as well. We
were able to become involved in this work, and managed to build instruments for the
Hale 5-meter telescope which were very much more sensitive than anything else in the
world. At about that time (1976), an opportunity became available to make proposals for
the camera aboard what was then just called Space Telescope and is now called the
Hubble Space Telescope. Jim and I knew that CCDs would make possible a truly
magnificent camera. He and I proposed through JPL and won the competition. We
started to design and build the Wide Field/Planetary Camera (WF/PC) for Space
Telescope.

5. Back to Princeton, and the Seeds for the Sloan Survey

In 1980 Jill Knapp, soon thereafter to become my wife, and I moved back (for me)
to Princeton. I had at Caltech begun the construction of a very large CCD camera and
spectrograph for the 5-meter telescope, a kind of ground-based analog of the Space
Telescope camera, called four-shooter (Fig. 3). With this instrument we discovered the
highest-redshift quasars, the most distant clusters of galaxies, and studied in detail how
the populations of these clusters evolved (and the evolution is very strong) over cosmic

time from about half the present 13 billion year age to the present.
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CCDs then were very sensitive but pretty small. The big ones at the time were the
ones we used in four-shooter and in the WF/PC, which had 640, 000 pixels and were
about a centimeter square. Four-shooter used four of these, 2.5 megapixels (seems very
small today) with a field on the sky of about 0. 15 degrees square. It would require a
million pictures with this camera to cover the northern sky, and taking one-minute
exposures in five filters would take 60 years to accomplish even with perfect weather,
and there are no observatory sites on Earth with perfect weather, so more than 100
years with any real existing site.

A few years later, in 1986, I was visiting at Caltech to meet with Jim Westphal about
continuing work on the WF/PC, and Morley Blouke, the CCD sensei who meanwhile
had moved to Tektronix in Oregon and was visiting in Los Angeles, knocked on the
door. He came in and announced to us that he wanted to show us something interesting
that he was working on. That something was a silicon wafer with a single large CCD
built on it which had 6 million pixels and was nearly 7 cm square (Fig. 4).

Finally, here was a CCD detector which would allow a sky survey to be done!

I will pause here for a moment to discuss the state of sky surveys at the time. The
standard tool used by astronomers was the Palomar Observatory Sky Survey (POSS), a
photographic survey done in the 1950s at Palomar using the 1. 2-meter Schmidt
telescope with which I had done the cluster survey work in the early 1970s. There were
photographs in red light and in blue of the entire northern sky, and when any new
object was discovered in other bands, such as the infrared, X-ray, or radio, one would
immediately go to the POSS to try to find it and see, perhaps, what it WAS—a star, a
galaxy, a nebula, whatever. We are visual creatures, and need to see what a thing looks
like so we can identify it. But the POSS was photographic, it did not show very faint
objects, and so very little really quantitative information could be obtained. I had
dreamed for years about replacing the POSS with a new electronic, digital sky survey
with quantitative, accurate data, but this was waiting on the big CCDs, which Morley
Blouke was developing.

The Challenger disaster occurred in 1986, about this time, and it was not clear
whether the Space Shuttle would ever fly again, and so whether the Space Telescope
would ever be launched. This was resolved, of course, but was not certain at the time.

I was still very involved in the Space Telescope camera, which was nearing
completion, but became instantly intrigued by this new device, and soon began working
on the design of an instrument which could use these new detectors for a sky survey.

Various technical considerations, including the nature of the detectors, the size and
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number of their pixels, the image quality obtainable from good observatory sites,
possible optical designs for the telescope, and not-so-technical considerations like how
long a survey would take, how much it would cost, and who one might persuade to fund
it, led finally toward a design which was close to optimal for the instrument and the
survey. I worked on this for a number of years in the late 1980s.

When the Space Telescope was finally launched, in 1990, it was very soon clear
that there was a terrible optical problem which prevented the telescope from obtaining
the wonderful images for which it had been designed. I was convinced, quite incorrectly,
that the problem could not be fixed, and left the team Jim Westphal and I had led for
more than a decade. I turned instead to fully developing the design for the big CCD
survey.

New instruments, including a new, modified WF/PC, were built for Space
Telescope which compensated the optical error in the telescope internally. These were
successfully installed by a heroic group of astronauts, and the mission, now called the
Hubble Space Telescope, has gone on to do really wonderful science that could never
have been done from the ground, and we have all been properly impressed by the
fantastic Hubble images. But I am not sorry I left the effort, because the survey I was
designing and to which I devoted my career thereafter happened, was very, very
successful, and is, again, certainly the reason I am speaking to you today.

6. The Sloan Digital Sky Survey

So let us talk a little about it. The optimal size of the telescope turned out to be not
very large even by the standards of the day—the 8-meter Japanese Subaru telescope,
which we will talk about more later, the 10-meter Keck telescope, the 8-meter Gemini
and VLT telescopes were being built and commissioned at about this time. But the best
size for this survey telescope was about 2. 5-meters (Fig. 5). The optical design had to
be very special and new, because I wanted very much to use the big CCDs in a scanning
mode which had been developed by the U.S. Air force for reconnaissance satellites and
aircraft looking at the ground. In this mode the image moves across the CCD and one
moves the electronic image at exactly the same rate, so the picture comes out as a
continuous tapestry of the sky—one never needs to stop, close the shutter, and read the
detector, because the detector is reading continuously, and the observing is 100 percent
efficient. But this required optics with no distortion and a very flat focal surface, and

this required a new kind of optical design, which I was successful in producing—but
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there were no telescopes like this in the world, so the survey would require making a
new telescope. The camera would use thirty of the new big Tektronix CCDs (Fig. 6),
which in the end were 4 megapixel devices, so 120 megapixels on the sky, on a field
which was 2 degrees square but was not completely filled with detectors. We were to
use b5 filters to cover the range from the ultraviolet to the near infrared, with exposure
times of about one minute, and since the filters and detectors were arranged in columns
and the scanning image moved along those columns, we got images in those five colors
of any object within about 5 minutes, which proved very useful for measuring variable
objects, which usually vary on much longer timescales.

On this same telescope could be permanently mounted two spectrographs fed by
another new technological marvel, optical fibers. Each spectrograph could accept the
inputs from 320 fibers, so the spectra of 640 stars or galaxies could be obtained at the
same time. With exposure times of about one hour (remember that spectra take much
longer than images!) we could obtain a million spectra in about 5 years allowing for
moonlight and weather. With a conventional single-object spectrograph this survey
would take 3,000 years!

The size of the field and the number of fibers balanced nicely—galaxies for which
good spectra could be obtained in an hour or so—that is, were of the right brightness,
were also of about the right number to fill 600 or so fibers, so we would use the full
capability of the telescope and instruments.

We had to find money to build it, a site to build it oz, vendors to supply equipment,
and, especially, skilled people to help develop the hardware and software. It was a
project unlike any other ground-based astronomy project, though NASA had done a few
similar things, most notably the IRAS project, in space. Jerry Ostriker, then department
chair at Princeton and later provost of the University, helped organize the project
through a consortium of universities called ARC, the Astronomical Research
Consortium, to which Princeton belonged and were developing an observatory site
called Apache Point in New Mexico. Professor Don York, at the University of Chicago,
became director, and I served as Project Scientist.

By the end, more than twenty universities and laboratories joined the project,
mostly in the U.S., some from Europe and Latin America, but notably a large group of
astronomers from Japan, called the JPG, Japan Promotion Group (Fig. 7). This was a
natural step for Princeton, because we had had close ties with Japanese astronomers for
avery long time, and two young researchers at the University of Tokyo, Maki Sekiguchi

and Mamoru Doi, had been working on multi-CCD cameras for some years. They spent
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a lot of time in Princeton and were crucial to the development of the camera.

An aspect of the survey which was also very new to astronomy was the very large
software effort required to obtain the data with this new survey mode, record it all,
analyze it for its own sake and to prepare target lists for the spectrographs, and finally to
store it and to serve it in a way that astronomers could use it. The JPG had the task of
testing the imaging reduction software being prepared mostly at Princeton by Robert
Lupton and managed by Jill Knapp, and Masataka Fukugita, then at Kyoto University,
led the testing effort.

It was to take 10 years to prepare all of the pieces of the survey and many
administrative, managerial, and financial problems to solve along the way. The project
ended up costing many times our initial naive estimate, partly because it took much
longer than we initially thought it would because of the technical complexity, and
partially because the very large software job, which was very different from anything
which had been done before, was enormously more expensive than we had guessed.

The funding came from many sources; the first large grant was from the Sloan
Foundation, who were very supportive through the long years of preparation, but the
member institutions, the National Science Foundation, and NASA provided the bulk of
the nearly 100 million U.S. dollars the survey cost in the end.

All of this has been ably described in a book by the excellent science writer Ann
Finkbeiner, called “A Grand and Glorious Thing.” Please go read it if you want to know more.

So what did SDSS accomplish? It was sold to the funding agencies as a telescope
and survey which would map the large scale structure of the distribution of galaxies in
the universe: clusters, filaments, voids, which we see today. These structures, we
believe, formed by the action of their own self-gravity from the tiny tiny lumps in the
very early universe which we see in the microwave background radiation, a sea of radio
radiation which fills the universe and very accurately represents a cold body at only 2.7
degrees above absolute zero. We accomplished this, but also very much more.

We obtained excellent spectra for a million galaxies, a hundred thousand quasars,
of order half a million stars, and performed photometric analyses (brightnesses, sizes,
shapes) of about 100 million objects in the northern sky. The smaller part of the
southern sky visible from New Mexico in the fall was treated somewhat differently—
there a single 2-degree wide strip was imaged over and over again to go about six times
fainter to look for and measure even fainter objects, and to discover variable objects like
the exploding stars called supernovae.

A short list of the things the survey did of which I am proudest are
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a. Weak gravitational lensing. When light goes by a massive body like a star or
galaxy, its path is bent slightly; this is a prediction of General Relativity which
has been verified in detail. The angles are very small and the effect is very hard
to measure, but is a direct way of measuring masses of distant objects. SDSS
was accurate and consistent enough to do this.

b. SDSS found and measured a predicted effect in the distribution of galaxies
which result from sound waves in the very early universe formed by the tiny
bump which was to become a galaxy. This is called the Baryon Acoustic
Oscillation phenomenon. It gives astronomers an accurate meter stick by which

the expansion of the universe can be measured.

c. The SDSS not only told us about the distribution of galaxies, but also
revolutionized the study of the properties of galaxies—sizes, colors, the
population of stars which make them up, their chemistry and ages. The imaging
and spectroscopy worked together beautifully for this, and our understanding of
the life cycle of galaxies and how they evolve largely is the result of these
studies.

d. The SDSS was not conceived at all as a tool for studying the solar system, but
we imaged completely serendipitously thousands of asteroids, and our
photometry showed clearly that the various asteroid families which had been
discovered from earlier, sparser data had clear chemical signatures.

e. Astronomers had been looking for years for stars which are of too low mass to
ignite the thermonuclear reactions in their interiors which make the sun and
other stars shine. Called “brown dwarfs”, a few of these stars had been found in
binary systems and in the field serendipitously, but they appeared in large
numbers in the SDSS imaging, bright in the most infrared SDSS band.

f. The large-scale structure results on which the survey had originally been sold.
The statistics of the galaxy population emerged with high accuracy, and the
sample is large enough that we can say for sure that galaxies of different
properties are distributed quite differently. This was known before, but with
nothing like the precision which came from the SDSS survey. The survey
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shows clearly that the distribution of matter in the universe is very structured
into long filaments, clusters at the intersections of these filaments, and vast
voids in which there are very few galaxies. All of this is in agreement with large
numerical simulations which evolve the tiny bumps we see in the microwave

background to the present.

The impact on the field has been quite profound. As of about a month ago, there
were 9,299 scientific papers using SDSS data, most of them #not from SDSS scientists—
the data are completely open, which we will talk about in a moment. The number of
citations for these papers is about half a million, and a thousand of these papers have
been cited a hundred or more times.

But it is not only the beautiful scientific results which have changed the field. It
was our intention from the beginning that the data be completely open to the
community; not only the data but all of the software used to reduce it, archive it, and
serve it. There were no restrictions within the collaboration, either. No-one “owned” any
data. Anyone within the collaboration could work on anything, even if it were already
being investigated by someone else, even if that someone else was an important,
powerful professor at one of our institutions. This was certainly not what astronomers
were used to; they were not used to large collaborations, were not used to sharing data,
were not used to forming collaborations with people they did not know who might be
halfway around the world but had similar interests—this last was not mandatory by any
means, but its utility for getting work done and understanding things soon became
apparent. There was, of course, opposition to these policies early in the project, and
making them the rules by which we lived was not by any means easy, but I think there
is almost no one now who has worked with SDSS who thinks this way of doing science
is a bad idea.

The openness of the data and tools have also changed the way people do research.
You do not need to go to small telescopes for a couple of nights a year to study your
galaxy. For many of the things you might want to do, you need only to access the SDSS
database; the data are already there.

It is obvious from these remarks that I regard this project very highly. Personally,
it has been a strange journey. I was a very active scientist before about 1990, when the
SDSS planning and construction was beginning in earnest, but since then I have been
really only involved in the building, survey planning, and data handling aspect of the

project, and, later for other survey projects that we will discuss. In a real way the project
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was my child, and the wonderful young people who have done most of the science with
the survey my children as well. I am enormously proud of them, for staying with the
project through its long financial difficulties at a real risk to their careers, and, of course,
for all of the truly marvelous science they have done.

7. What Next?

‘What the SDSS did, as I have remarked before, is to take a complete and accurate
census of the objects in the universe as it is today, or was in the immediate past.

Let me amplify on that remark. Light travels at the enormous speed of 300, 000
km/sec, and we are not at all aware in everyday experience that it takes time at all to
travel. To go across this hall, a photon takes a ten-millionth of a second. But even in the
solar system, the light from the sun takes eight minutes to reach the earth, and several
hours to reach Neptune. Four years to reach the nearest star, and 60,000 years to travel
across the galaxy, two million years to reach the nearest large galaxy in Andromeda.
The most distant quasars and galaxies we observe sent the light we observe today only
a small fraction of the age of the universe after the Big Bang, and the microwave
background photons we see today left when the universe was only about 400,000 years
old, to be received by our radio antennas today, 13.7 billion years later.

So when we look out at the universe, we look back in time. The SDSS studied
galaxies out to about two billion light years distant, so looked back only about fifteen
percent of the age of the universe. Things have not changed much, astronomically
speaking, in that time. To study how things form and evolve in their most active time
requires that we go much deeper, fainter.

We know from small samples that most of the mass of the universe now in stars
was formed since about redshift z= 2, which means that the universe was 1/(1+z), a
third, of its present size and a little less than a quarter of its present age. Bright galaxies
at that time and distance, about ten billion light years, are much too faint to have been
recorded by the SDSS. This period of the universe, called its “high noon” is of intense
interest, since that was the period that most of what we see in the universe (and,
doubtless, in our Galaxy) was formed. The universe today is very much in its old age,
winding down (like me.)

Thus the universe provides us with a history book of how it evolved with time, but
to read it requires very powerful instruments to study very faint objects. How is this to

be done?
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Japan has what is probably the finest really large telescope in the world, Subaru,
and had the foresight to design it as the only large telescope in the world with a large
field of view, so it is a perfect instrument to perform powerful surveys of the sort we
need to read the history book.

And such surveys are under way. Maki Sekiguchi’s student Satoshi Miyazaki, took
up Sekiguchi-san’s cause and designed and built a marvelous multi-CCD camera with
440 million pixels for Subaru, HyperSuprimeCam (HSC), and a large imaging survey
with this instrument is more than half complete.

I contributed a small amount to the HSC effort (Fig. 8), but have been, since the
SDSS, mostly concerned with the spectroscopic part of the same deep survey, which
together with the HSC imaging survey is called Sumire. The project was partially
funded by the Japanese ministry on a proposal put forward by Hitoshi Murayama, then
director of the newly formed Kavli Institute for the Physics and Mathematics of the
Universe (Kavli-IPMU) in Kashiwa, a research branch of the University of Tokyo, and
partly by a large consortium of institutes around the world, from Japan, Taiwan, the U.S.,
France, Germany, and China.

The spectrograph is called simply PFS (Prime Focus Spectrograph), a large,
2,400-fiber spectrograph which uses the same optical setup as HSC at the Subaru Prime
Focus (Fig. 9). The instrument and spectroscopic survey is being very ably managed by
Naoyuki Tamura at IPMU. The spectroscopic survey is to begin in 2022.

The instrument consists of a machine at the prime focus of Subaru which has 4,800
tiny motors to position the 2,400 fibers, a 50-meter run of 2,400 optical fibers to the
spectrographs, which live off the telescope in a room in the Subaru dome. There are 4
large spectrographs in that room, each of which take 600 spectra simultaneously in
three bands, one blue, one red, and one near infrared, to cover completely the
wavelength range 3,800 nm in the near ultraviolet to 1,260 nm in the near infrared. My
colleagues and I at Princeton and Johns Hopkins and the Laboratoire d’Astrophysique in
Marseille, France are building the 12 cryogenic cameras and the spectrographs; the
prime focus machine is being built at Caltech and at ASIAA in Taiwan, and the fiber
system by the Laboratorio Nacional de Astrofisica in Brazil. The software effort is
supported by IPMU, Princeton, Caltech, and the Max Planck Institute in Garching,
Germany, and the project office is at IPMU. The project is, if anything, even more
distributed than the SDSS was, but it is a very productive and happy collaboration, and I
am proud to be part of it and contributing to it.

It is worth mentioning in the context of this occasion that the most difficult part of
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the large spectroscopic cameras was the optical/mechanical structure in the near infrared
cameras, and the current design was made possible by a quite wonderful ceramic material
called Silicon Carbide made by Kyocera. The HSC camera also used it for the large
coldplate which holds the more than 100 CCDs. It is extremely stiff, does not change
dimensions when going very cold, conducts heat extremely well, and is very stable. It
would have been difficult if not impossible to build these instruments without it.

The survey itself will consist of three main parts. The first is to improve the
Baryon Acoustic Oscillation measurements to greater distances in order to better
measure the history of the expansion of the universe and use a gravitational probe
called redshift space distortion to study the growth of structure in the universe as it
expands. The combination of these provide information on the dark energy which is
currently causing the expansion of the universe to accelerate and on the correctness of
Einstein’s General Theory of Relativity on the very largest cosmic scales. The second is
to investigate the formation and evolution of galaxies to beyond the universe’s high
noon. The sample size and sampling in distance (and therefore time) will tell us how
galaxies evolve in different environments in the cosmic web and come to be the vast
variety of things we see in SDSS at the present time. The third will look at faint, distant,
very old stars in our Galaxy and in our immediate neighbor galaxies for chemical and
dynamical clues to how the Galaxy and its friends formed. All these are attempts in
various ways to read the history book which the universe opens for us to read by
looking very faint and very far, but we must learn to read it.

We do not know what it will tell us, but we do know that it will bring us closer to

understanding where we came from and, perhaps, where we are going.
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Photos of telescope and horsehead nebula

On the left is the eight-inch (20 cm) photographic
reflecting telescope I built in my high school and
undergraduate years. On the right is a
photograph of the Horsehead Nebula in Orion
taken with this instrument. The horse’s head is a
cloud of dust in front of a glowing gas cloud
illuminated by hot, young stars in the Orion
association.
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SDSS spectra of galaxies

A set of spectra of galaxies of several kinds and
distances as featured in the classic SDSS paper
by Iskra Strateva. The galaxies from top to
bottom go from red objects with old stellar
populations to blue objects with many young,
hot stars. The features which spike up are lines
of elements in hot gas clouds; the ones which go
down are absorption lines from stars. Notice
that the lines do not occur at the same
wavelength in different objects. This is the
effect of redshift, which is listed (z). The redshift
z is the fraction of the velocity of light which
the galaxy is receding from us.

Fig. 3
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Four-shooter crew photograph

This photograph shows the people who made
significant contributions to the construction of
the four-shooter camera, here grouped under
and around the instrument, including (from
back) Michael Carr, a mechanical engineer who
recently retired but worked with me for
essentially all of my instrument projects since
the early 1970s, Ernie Lorenz, a superb
technician who worked for Jim Wastphal,
Richard Lucinio, electronics designer, DeVere
Smith, electronics tech, Ed Danielson (on right,
planetary scientist and NASA guru, and
forward in that group, Jim Westphal, planetary
scientist, geological guru, gadgeteer, PI on the
Hubble WE/PC camera, and my mentor in most
matters technical, and in the foreground Don
Schneider while he was my graduate student.
Then the group on the left includes Vic Nenow,
electronics tech and general electronics genius,
me (I was much younger then), and Barbara
Zimmerman, superb computer programmer
who wrote all the CCD and instrument software
for Palomar.
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Big CCD Wafer

This is a photograph of the very large CCD on its
wafer which Morley Blouke brought to Jim
Westphal’s office in 1986. It is about 60 mm square,
2,400 x 2,400, 5.8 million pixels. The largest CCD
available at that time was about 12 mm square.
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SDSS telescope at sunset

A dramatic photo of 2.5-meter SDSS telescope at
sunset. The flower-petals on the end fold down to
cover the telescope and are used as screens for
calibration. The metal box covering the top of
the telescope and the white frame below are a
wind- and light baffle which moves with the
telescope but does not touch it. There is no
classic dome as most observatory telescopes
have.

Fig. 6
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SDSS Camera focal plane

Photograph of the focal plane of the SDSS camera,
showing the filters in front of the CCDs in six
columns of five detectors, from top (right), red,
near infrared, ultraviolet, farther infrared, and
green. There are 11 smaller detectors above and
below the main array which were used to
measure the positions of stars. All of this is
mounted on a complex optical element of fused
silica about a half meter in diameter and 5 cm
thick, which is part of the optical design of the
telescope and forms the vacuum window for the
eight vacuum cryostats seen here in which the
CCDs are mounted.
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Princeton SDSS crew

The team of people at Princeton who worked on the
SDSS camera and software. Back row, standing,
from left: Connie Rockosi, student at the time, who
helped me with essentially all engineering aspects of
the camera and the survey, Xiaohui Fan, student at
the time, who pushed the detection of high-redshift
quasars in the SDSS data to the limit, George Pauls,
camera project manager during its construction,
Ernst de Haas, retired mechanical engineer who
came out of retirement to help with the camera,
Maki Sekiguchi of NAOJ, CCD and electronics
expert who contributed enormously to the design
and construction of the camera, Michael Richmond,
who worked on the camera software, Fred Harris,
from Lowell observatory, who helped design the
camera electronics, Mike Carr, chief mechanical
engineer for the camera, with whom I had worked
for many years and many instruments; Robert
Lupton, primary software scientist and primary
author of the camera data reduction pipeline as well
as much of the survey planning software; Then,
seated or kneeling from the left: Rob Simcoe, student
at the time, who worked on software, Jill Knapp,
project manager for the software effort and general
coordinator and mother for the whole team, Brian
Elms, machinist (now at Subaru in Hilo), me, and
Mamoru Doi, then at the University of Tokyo on his
way to NAO]J, CCD expert who built the calibration
system for the camera, which allowed us to monitor
the health and performance of the instrument
through the many years of the survey. To the right
of Mamoru and me is the shipping crate for the
SDSS camera cradle and, on top of the crate, the
cradle itself, which supported the camera peripheral
equipment on the telescope. Behind Fred Harris and
Michael Richmond is a full-sized image of the
camera focal plane, showing the color filters and the
52 CCDs in the camera.

Fig. 8

PFS schematic on Subaru Telescope
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HSC Image of a very distant cluster in the
Cosmos Field

A small piece of sky (about 13 X 8 arcminutes)
imaged deeply by the HSC camera. Almost all
objects in this picture are galaxies. The two
groups of very red galaxies just to the right of
center and again to the left and slightly above
center are very distant clusters of galaxies, whose
light left them about half the age of the universe
ago. They are red because of the redshift azd
because they are objects with very old stars even
7 billion years ago.
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Diagram of PFS on Subaru

Schematic diagram of the PFS spectrograph
system for the Subaru telescope. PFS will share
the wide-field corrector with HSC, providing
excellent images over a field larger than a
degree in diameter. In place of HSC’s focal plane
tiled with CCDs, PFS will use a machine with
2400 fiber positioners, each with 2 tiny motors
to move the fibers to the desired location in the
focal plane where there is the image of a galaxy
whose spectrum is desired. The positions of the
fibers are measured by a powerful small
telescope, the metrology camera, looking up at
the fibers. The light entering the fibers is
carried by a 55-meter long cable of 2,400 optical
fibers to four bench spectrographs mounted in
the dome off the telescope, each of which makes
spectra from the light from 600 fibers.
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