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The Cosmic Background Imager (CBI) being designed and 

built at Cal tech will make real images of the universe as it 

was 15 billion years ago and reveal structures that gave 

rise to galaxies and clusters of galaxies. The CBl's radio 

interferometric array consists of 13 one-meter radio 

telescopes mounted on a 6.S-meter platform. The diagram 

at left shows a side elevation view of the CBI. In addition 

to the usual two axes of rotation that point it at the field 

of interest, the array will be able to rotate about its 

optical axis in order to eliminate spurious instrumental 

signals. 

Below: One of the prime sites under consideration for the 

CBI is at 16,000 feet (to minimize the effects of atmo

sphere) in the Andes Mountains in northern Chile . (Photo 

by Steve Padin) 

[99 6 



Observing th e 

by Anthony C . S. Readhead 

Embryonic Universe 

What did the universe look like 15 billion years ago? A new instrument 
we are building here at Cairech should be able w show us. Called the Cosmic 
Background Imager, or CEI, it will provide real images of what the universe 
actuall y looked like 300,000 years after the Big Bang. This is equivalent, 
when compared to a human life span of 70 years, CO imaging a human embryo 
juSt a few hours after conception . The images will record the "m icrowave 
background radiation," which has been traveling through space for the last 
15 bill ion years and presents an accurate piccure of the universe during this 
embryonic period. 

The CBr is designed to reveal minute va riations-of down to one part in a 
million-in the background temperature of the un iverse as seen in d.ifferent 
directions. These variat ions in temperature are believed to hold the key to 
understanding one of the central mysteties of modern cosmology-the for
mation of galaxies and hence of all the structures in the universe, including 
stars and planets. The temperature variations that we will see in the micro
wave background radiat ion are produced by tiny fluctuations in the density, 
temperature, and veloci ty of the universe 's matter at this early period, and 
these ti ny fluctuations are the seeds that eventually produced galaxies. A 
region that was slightly denser than its surroundings would slowly accrete 

mass by gravitational 

At present we are wo e fully ignorant abOllt how galaxies form, but 
attraction of the sur
rounding material , and 
eventually become a 
galaxy or a cI uster of 
galaxies. 

there is no shortage of interesting and often 

bizarre theoretical speculation. If we could image the 
microwave background 
radiation with suffic ient 

precision, we would be able to measure those tiny di fferences in temperature 
and density. The physics of how those seed fluctuations g rew with time in 
those early epochs is simple, so the only real problem is the actual measure
ment itself. Wi th the measurement as a starti ng point it would be possible to 

develop a real theory of galaxy formation based on solid observations. At 
present we are woefu lly ignorant-as we will see shortl y-about how galaxies 
form, but there is no shorrage of interest ing and often bizarre theoretical 
speculation. 

In the illustration on the following page, I have taken great liberties with 
the time axis in order to focus on the most important cosmological events in 

ENGINEERING & SCIENCE NO 199 6 



These tiny Cjuantum ftuctuarions wou l d then also be respon-

The theoretical history of the universe in a nutshell (time is 

clearly not to scale). After the hot Big Bang about 15 billion 

years ago, the universe cooled and the first atoms formed . 

When the universe was a bout 300,000 years old, the 

"decoupling" of light from matter allowed the microwave 

background radiation to travel free ly through the universe, 

where t oday it provides us a picture of what we nt on 

in t hat early epoch. 
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the history of the universe. I will assume, for the 
sake of clarity, that the universe is 15 billion years 
old (although estimates of che age vary between 
about 10 and 15 billion years). The epoch chac we 
will image with che CBI-just 300,000 years after 
the Big Bang-is marked wich an atOm . Before 
this epoch che universe was so hot that the ma
terial in it was ionized; that is, che electrons were 
nor bound CO che acorns and thus chere were lOts 
of free electrons. These free electrons absorbed and 
scattered photOns readily, so that a photon couldn't 
travel very far before interacting with an electron. 
The universe was cherefore "opcically th ick"- any 
lighc ray could cravel only a short distance before 
being absorbed. It's rather like being in a dense 
fog, where one can only see a very shore distance. 
It's impossible, therefore, to make direct images 
of the universe when it was less than 300,000 
years old. 

However, as the universe expanded it cooled 
(jUSt as the air escaping from a tire cools as ir 
expands through a valve), and abom 300,000 years 
after the Big Bang the temperature of che universe 
dropped below 4000 K. The electrons then 
combined with hydrogen and helium nuclei to 

form the first acorns. Once acorns had formed, 
there were no longer free electrons co absorb and 
scarcer lighc, and phocons could travel freely 
through the universe. We call this epoch-when 
tbe universe was 300,000 years old- the epoch of 
"decoupling ." (Before th.is time light could not 
travel far without interacting w ith matter, and 
Light and matter were therefote scrongly coupled. 
However, after chis t ime light could travel across 
the universe without interacti ng with matter, so 
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sible for everything, f rom galaxies down to S(ars 
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light and matter were no longer coupled together. ) 
Since the epoch of decoupling, the universe has 
been optically thin. Observations of the micro
wave background rad iation therefore provide a 
direc t p icture of the universe at the epoch of 
decoupling, since these photons were ptesent then, 
were stamped by the early un iverse's imprint, and 
have been unaffeCted by matter ever since, unt il 
they reached our telescopes. 

Most of astronomy and astrophysics concentrates 
on events after the epoch of decoupling, since all of 
the struCtures that we are familiar with were 
formed later. I shall be concentrating primarily on 
these later epochs in this article. However, some 
important events from before the decoupling 
epoch have a bearing on this tale, so I wi ll discuss 
them briefly now. 

We now know that the universe began with the 
Big Bang, about 15 billion years ago. Our under
standing of the universe's earliest moments is 
extremely primicive, because when the universe 
was about 10-1 '1 seconds old, gravitational and 
quantum effects were comparable. At chat point, 
the universe was so dense that gravity, which is 
usually much weaker than the st rong nuclear 
force, was on an equal footing with it. In order to 

understand rhe physics of this period, we need to 

have a combined theory of gravity and quantum 
mechanics. (This has eluded theoret ical physicists 
for the last 80 years, al though significant progress 
is now being made.) Many cosmologists think 
that the universe went through a period of vety 
rapid (exponential) expansion shordy after the Big 
Bang, when the universe was some 10-32 seconds 
old. T his is referred to as the epoch of"inf1ation ." 



I will noc discuss this epoch in any detail, except 
ro mention that there are a number of puzzles in 
the standard Big Bang picture that are nicely 
explained by infl ation. After the epoch of 
inflation, the universe settled down into the 
standard, much slower expansion that is stil l 
going on roday. 

Conti nuing with the illusrration, the next 
im portant milesrone occurred when the universe 
was between one second and a few minutes old. 
During this epoch the universe cooled ro a 
temperature of a few billion degrees, allowing the 
nuclear reactions that built up the light elements 
to rake place. Deuterium, helium-3, helium-4, 
and lithium were created out of the primordial 
neutrons, protOns, and electrons. One of the 
major strengths of the Big Bang cosmology, and 
one of the reasons that we accept it, is that it ge ts 
the ratio of these light elements right-the 

Both of these images were captured by the Hubble Space 

Telescope (using the second Wide Field/Planetary Camera 

built at JPL). Below is a star-forming region in our own 

galaxy and. at right, a cluster of galaxies named 

Abell 2218. All of these structures originated in tiny 

fluctuations in primordial matter. 

abundances calculated from the Big Bang theory 
correspond to those we see today. 

The next important epoch is the one we have 
already considered in some detail , namely the 
epoch of decoupling. This occurred, as we have 
seen, when the universe was about 300,000 years 
old. This is when the microwave background 
radiation that we observe today was produced. 
Imprinted on this radiation are tiny variations in 
temperature between one line of sight and 
another, caused by the small fluctuations in the 
primordial maner's density, remperature, and 
velocity. These were the seeds that eventually 
gave rise, through the effects of gravi ty, to 
galaxies. These fluctuations must have been 
caused by something that happened even earlier, 
and i f we can study the microwave background 
radiat ion in enoug h de tail, we may even be able 
to figure out what that something was. The most 

popular theory is that quantum fluctuations 
during [he inflationary epoch were responsible. 
This would be very remarkable if true, since it 
would mean that small-scale quantum fluCtuations 
in the very early universe gave rise to the largest 
strucrures that we see in [he universe today. These 
tiny quantum fluctuations would then also be 
responsible for everything, from galaxies down 
to stars and planers. 

1 now want to review briefly the structures that 
any sllccessful cosmological theory must explain. 
These range fro m planets and stars to galaxies, 
clusters of galaxies, superclusters, and voids. All 
of these srtuctures appeared after the decoupling 
epoch. It should be clear that the fo rmat ion of 
galaxies is an essential step in the formation of 
both stars and planets, since it is in galaxies thar 
the matter density gets hig h enough to produce 
these smaller objects under the influence of 
g ravi ty. A beautiful image, at left, of the Star 
formation process was recently obtained by the 
Hubble Space Telescope. On larger scales we see 
clusters of galaxies like the one pictured above. 
This is an image of the galaxy cluster named Abell 
22 18, aftC[ the late Geotge Abell [BS '51, MS '52, 
PhD '57], who worked on this cluster as a gradu
ate student at Cal tech. The deepest high-resolu-
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tion opt ical image of the sky to date is the Hubble 
Space Telescope image shown at right . H ere we see 
galaxies that span a very large range of distances
from 2 billion light-years away to about 14 bi llion 
light-years away. O ne of the most astonishing 
discoveries in modern cosmology has been that of 
gigant ic sheets of galaxies, separared by enormous 
"voids" in which there are fewer galaxies than 
average. T he most famous of these is the "Great 
Wall," illustrated above, d iscovered by Margaret 
Geller and J ohn H uchra [PhD '77), It lies ar a 
d istance of about 500 million light-years from us, 
and is about 500 m ill ion light-years long. Looking 
at images such as this, one can't help but wonder 
how such structures were produced by the small 
fluctuations that existed in the em bryonic universe. 

As a result of a remarkable discovery in 1963 by 
Maarten Schmidt (now the Francis L Moseley 
P rofessor of Astronomy, Emeritus), we know that 
some of the familiar objeCts in the universe formed 
in the first billion years. Radio as t ronomers had 
discovered objects in the sky that seemed to be 
unresolved (that is, com pact ) rad io sou rces, and 
they had managed to measure accurate posit ions of 
these objects. Optical aStronomers found starlike 
objects at these positions, and hence they were 
called "q uasars," short for "quasi-stellar objects ." 
Both Schmidt and J esse G reenstein (now the Lee 
A . DuB ridge P rofessor of Astrophysics, Emeritus) 
were trying to identify the lines seen in quasar 
spectra when Schmidt had the brilliant insigh t that 
the lines might have been shifted far tOward the 
red, toward longer wavelengths, and so were no t 
appearing anywhere near where they were expected. 
(These li nes, which are emitted by the various 
chemical elements in the source object , lie at 
characteristic waveleng ths that can be used to 

identify those elements. T hat's how we know what 
distant stars are made of.) T he redshift, caused by 
the Doppler effect, indicated that the quasars were 
moving tapidly away from us. We shall see shortly 
that measuri ng the speed of a celestial object 
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Until the beginning of this ce ntury, only one cosmologi c al fa c t 

was known - that the sky is dark at ni g ht. 

Shown above is the Hubble Space Telescope Deep field image of a small 

region near the north celestial pole. This is the deepest high-resolution 

image made to date . It shows galaxies ranging from 2 billion light-years 

to about 14 billion light-years away. 

Above, left: The "Great Wall" is a sheet of clustered galaxies with voids in 

between. It's about 500 million light-years away and 500 million light

years across. (Courtesy of Margaret Geller and John Huchra of the 

Smithsonian Astrophysical Observatory.) 
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Edwin Hubble discovered 

that there's a linear 

relationship between the 

speed and distance of gal

ax ies (graph at bottom). 

evidence that the universe 

is expanding. 

enables us to est imate its distance, and Schmidt 
concluded that the object-3C 273-was about 
two billion light-years away. But 3C 273 is one of 
the brightest radio sources in the sky, implyi ng 
that similar, fainter radio sources must be even 
more distant-which turns Out to be true. 

Schmidt has continued in this line of research, 
and he and hi s collaborators hold rhe record for the 
most distant objecr now known: a quasar called 
1247 +3406, which is about 14 bill ion light-years 
away (right). This object formed just one billion 
years after the Big Bang. When we look at the 
spectrum of this distant quasar and compare it 
with the spectra of intervening galaxies, we find 
that they all show evidence of the familiar heavy 
chem ical clements that we see in the nearby 
universe. You need stars to create all the elements 
heavier than li thiu m, so this tells LIS that when the 
universe was one bill ion years old, it had already 
gone through quite a bit of star formation and had 
al ready been forging the heavy elements. H ow the 
t iny fluctuations from the decoupling epoch could 
have g iven rise to stars and quasars in only one 
bill ion years is a major problem of astrophysics. 
We will discuss this in some detail later. 

for now, I'd like to step back and talk a bit 
about the sc ience of cosmology, which deals with 
the origin and structure of rhe universe. Th is is 
only now becoming a real science, because we're 
beginning to get enough observational data to 

make testable predictions. 
Until the beginning of this century, only one 

cosmological fact was known-thm the sky is dark 
at night. In one sense th is may sound trivial, bur 
in another sense it's ac tually very profound. The 
peculiar aspect of this phenomenon, known as 
Olbers' Paradox, was first noted by J ohannes 
Kepler in 1610, and later by Edmund Halley and 
Jean-Phil ippe-Loys de Cheseaux. W hy is the sky 
dark at night? If the universe were infinitely old, 
infinitely large, static, and homogeneous, then any 
line of sigh[ would eventually end up on the 
surface of a star. The whole sky should be as 

The arrow points to 

the most distant object 

known-a quasar 14 

billion light-years away. 

bright as the sun, which it manifestly is not. 
Thus one of the above assumptions is wrong. 
Actually, Olbers' Paradox can be restated in a 
more fundamental way, as has been pointed our by 
the cosmologis[ George Ellis. The real cosmologi
cal question is not why is the sky dark at night, 
but rather, why does the sun shine by day? 
Because stars shine by thermonuclear burning and 
because there's a limited amount of fuel avai lable, 
if the universe were infinitely old, then all the 
thermonuclear material would have been used up 
infinitely long ago, unless there were some spon
(aneous method of generating energy. Therefore, 
all the stars that had ever existed would now JUSt 
be dead hunks of rock. The answer to the para
dox, as we now know from the Big Bang, is that 
the universe is not infinitely old (and neither is it 
static); there is st i II free energy around to be 
turned into heavier elements by thermonuclear 
burning. 

The next important step in cosmology came in 
1916, when Albert Einstein produced [he general 
theory of relativ ity. This wonderful theory is the 
bas is of all modern cosmology. But there was a 
flaw in it-or so Einstein thought. His theory 
predicted that the universe was nOt static, but had 
to be either expanding or contracting. He didn 't 
believe this and was very worried about it, so he 
added a fudge factor called the cosmological con
stant. If the cosmological constant is posi tive, 
then it endows space with a property that acts like 
antigravity. With this fudge factOr added, Ein
stein's theory does produce a static model of the 
universe. 

However, in 1929, a few miles away from 
Caltech up on top of Mount Wilson, the astrono
mer Edwin Hubble made an astOn ishi ng discov
ery. Building on work that had been done eatlier 
by VestO Melvin Slipher and others, in which they 
had found thar galaxies outside our small local 
group are all moving away from us, Hubble found 
that the farther away a galaxy is, the faster it 's 
moving away from us. He found thar there's 
actually a linear relat ionship between speed and 
distance, as shown a[ left. The scientific commu
nity immediately accepted this as evidence that 
the universe was expand ing, at which point 
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In 1964 AT&T scientists Wilson and Penzias discovered the 

microwave background radiation, a relic of the radiation 

produced in the early universe. As the universe expands, it 

cools. and the peak of this radiation moves to longer 

wavelengths (right). It can now be detected most easily at 

radio wavelengths, and this is what the two scientists 

observed as a uniform temperature 

The amount of matter in 

the universe is described 

by the density param· 

eter-Q. If the critical 

density is less than the 

actual density (Q < I), the 

universe will expand 

forever. If Q = I. the 

expansion will just stop. 

and if Q > I, the universe 

will contract in the 

"Big Crunch." 

of 2.7K (Kelvin) in all directions. 

Einstein wished that he had never invented his 
fudge factOr. Had he not, he would instead have 
made a remarkable prediction. It 's there in his 
t heory, but he didn't believe ic. The universe is 
expand ing, and Einstein didn't need the cosmo
logical constant. The cosmological constant never 
really d ied, however, and has gone in and our of 
favor over the years. Right now it's back in favor 
as a very important ingredient in the inflationary 
theories of cosmology. 

The proportionality constant in H ubble's 
relationship, that is, the slope of the line, is called 
the H ubble constant. T he determination of th is 
constant is important in cosmology, since it tells 
us the size and age of the universe. Much effort 
has been put into measurements of the H ubble 
constant over the last six decades, but it is st ill 
known only to wi thi n about 50 percent (which is 
why the age of the universe is known only to lie 
between 10 billion and 15 bill ion years). This is 
one of the major unsolved problems of modern 
astrophysics . 

Another important cosmological parameter is 
the "density parameter," which describes the 
amount of matter in the universe. The expansion 
of the universe is slowing down, due to the effects 
of gravity. There is a critical density for the 
universe such that if t he actual density is below 
this value, then expansion will continue forever; if 
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the actual density equals the critical density, then 
the expansion will JUSt stOp in an infinite amOunt 
of time; and if the actual density exceeds the crit
ical density then the expansion will one day be 
reversed, the universe will contract, and it will 
end in a "Big Crunch"-the opposite of the Big 
Bang. The density parameter (Q ) is the ratio of 
the actual densi ty to the critical density, so that 
the three possibili ti es we 've JUSt d iscussed corre
spond to Q < I, Q = I and Q > 1. 

T he three constants, or parameters, that we 
have discussed-the cosmolgical constant, the 
H ubble constant, and the density parameter-are 
the most important in cosmology. If present 
theories are to be believed, then me,L'iUrements of 
the small temperature fluctuations seen in 
d ifferent directions should enable us to determine 
these three numbers with considerable precision . 

Now, as we have already seen, because the 
u niverse is expanding it must be cooling, which 
means that it must have been much hotter when 
it was young . In other words this is a "hot Big 
Bang" universe. This means thar there must have 
been a lot of radiation produced in the early 
universe. This fact was pointed Ollt by George 
Gamow in 1948. He also pointed out that the 
relics of this radiation would still be around today, 
bllt its wavelength would have been stretched (by 
the expansion of the universe) from the optical 
part of the spectrum all the way down into the 
radio parr . Thus Gamow predicted the existence 
of the microwave background radiation based 
solely on a simple Big Bang model of the universe. 

In 1949, twO of Gamow's students, Ralph 
Alpher and Robert Herman, calculated that the 
temperature of the microwave background rad ia
t ion today would be about 5K (Kelvin). Remark
ably, this prediction was ignored by observational 
astronomers for tbe next 15 years! 

The m icrowave background radiat ion was 
finally discovered accidentally in 1964 by Arno 
Penzias and Robert Wi lson (PhD '62), while they 
were measuring noise inherent in radio receivers . 
T hey had ml,lde an extremely sensitive radio 
receiver and calibrated it very well, but wherever 
they looked in the sky, they found that it was a 



little hotter than they expected. They thought 
something was wrong with their receiver, but it 
turned-out that they had discovered the microwave 
background radiation, which is seen at a tempera
ture of 2. 7K in all directions. This is the relic, or 
fossil, radiation left over from the Big Bang, and 
this, more than anything else, has convinced 
astronomers and physicists that we are indeed 
living in a hot Big Bang universe. In 1978, 
Penzias and Wilson received the Nobel Prize· 
for their discovery. 

The COBE (Cosmic Background Explorerr 
satellite, which was launched in 1989 to study this 
cosmic background radiation, has been very suc
cessful. One of its great accomplishmenr"S has 
been to measure the spectrum' of this radiation. 
In the illustration at right, the curve is not a fit 
to the observed data points; it's actually the curve 
predicted by thermodynamics for an object that is 
a perfect emitter and absorber of radiation (black
body curve). This well-known curve, first worked 
out by Max Planck in 1900, laid the foundation 
for quantum mechanics. It is one of the corner
stones of physics and is not in any doubt. It so 
happens that this is also the spectrum expected for 
the microwave background radiation. We see that 

The COBE observations of the spectrum of the microwave 

background radiation conform precisely to the theoretical 

prediction of the spectrum from a perfect absorber and 

emitter of radiation. This is called blackbody radiation. 

10 12 14 16 IX .w 

12 

"ill 

With the discovery of the microwave background radiation cosmology 

came of age. It has taken 30 years, however, to develop the tools 

that will enable us to reap the benefits of that discovery. 

the COBE observations fit the theoretical curve 
with exquisite precision. 

Since the discovery of the microwave back
ground radiation in 1964, there have been many 
observations of this radiation to try to detect 
variations in temperature along different lines of 
sight. One of the remarkable facts of astrophysics 
to emerge over the last 32 years has been the 
extraordinary smoothness of this fossil radiation. 
We now know that the temperature of the 
radiation varies by less than one part in 30,000 on 
ali angular scales, once one has made the correc
tion for the Doppler effect caused by the earth's 
motion relative to it. The amazing smoothness of 
the microwave background radiation tells us that 
the universe underwent a "simple" Big Bang or, to 
put it more explicitly, the universe is "simple" in 
the sense that it is both homogeneous and isotro
pic. In other words, if we look at the content of a 
small volume of the universe (that is, small 
compared to the universe but much larger than 
our local system of galaxies) and compare it to any 
other such volume, the average properties will be 
the same (that is, the universe is homogeneous); 
and if we look in any direction and consider a 
small area (one that is a small fraction of the 
celestial sphere) .the average properties will be the 

same (that is, the universe is isotropic). 
Now it might have been the case that the 

universe underwent a "compound" Big Bang, in 
which case the average properties of the universe 
from cell to cell would have been very different
the universe would not have been homogeneous 
and isotropic. In this case we would not have been 
able to draw conclusions about the large-scale 
structure of the universe. Cosmology would have 
been difficult, or most likely impossible, because 
what you would see would depend critically on 
just where you happened to be sitting. 

Even a simple Big Bang contains many myster
ies, but it seems that we are now poised to make 
critical observations that should elucidate the 
basic nature of the universe. With the discovery of 
the microwave background radiation, cosmology 
came of age. It has taken 30 years, however, to 

develop the tools that will enable us to reap the 
benefits of that discovery. 

Before going on to discuss the CBI, I want to 

discuss a major mystery of astrophysics and 
cosmology that is fundamental to the interpreta
tion of observations of the microwave background 
radiation. This is the mystery of dark matter, 
which has been growing more and more mysteri
ous for the last three decades. 

ENGINEERING & SCIENCE NO.4 :17 



M31. the great nebula in 

Andromeda, must have far 

more mass than we would 

deduce from the starlight 

in this picture. because the 

stars at the outside of the 

spiral are orbiting at the 

same speed as those close 

to the center. This 

invisible mass is known as 

"dark matter." 

If we look at our neighboring sister galaxy, tbe 
g reat nebula in Andromeda, M31 (above), we see a 
system that is pretty mucb a twin of the Milky 
Way. M31 is 2 million light-years away; the ligbt 
that is reaching us wday left the galaxy when our 
australopithecine forebears were stalking the 
plains of Africa. The galaxy seems to be about 
100,000 light-years in diameter and to be fairly 
isolated. This is an illusion. It turns om that 
there is much more matter in this galaxy than is 
revealed through its starlight , which is all that we 
see in this photograph. 

How can we trace mass if not through the light 
of stars? One simple method is to look for the 
gravitational effects of the mass. You can figure 
OLit the amount of mass in a galaxy by looking at 
the rotation speed of material around the galactic 
center. If the mass were distributed like the 
visible stars are-highly concentrated tOward the 
center and dropping off rapidly toward the omer 
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edges-then we would have a centrally condensed 
system, like the solar system. In such a system the 
rotation speed of the stars about the center of the 
galaxy would fall off with distance ftOm the center, 
j list as is observed for the planets in our solar sys
tem. However, in M31 we find that the rocation 
speed is constant with distance from the center. 
Even the most distant stars from the center show 
no evidence of a drop in orbital speed. There can 
be only one explanation of this-namely, that 
there is far more material in M31 than is revealed 
by starlight. Thus this galaxy must have a very 
substantial component of "dark matter," which is 
distributed differently than the stars. 

M31's behavior turns out to be common. This 
means that galaxies must be much more massive 
and much larger than they appear. If YOLi look at a 
cluster of galaxies, you see that the galaxies appear 
to be separated by vast regions of empty space that 
are typically about 10 galaxy diameters across-



If we could see all the dark matter associated with galaxies, we would 

find rhat the galaxies are almosr tou chi ng each other and are com · 

posed primarily of dark matter. This po ses one of the ,grear mysrerie s 

of modern astrophysics-what is rhis dark matter made of? 

about the same as the apparent distance between 
our galaxy and M31. This is also an illusion. If 
we could see all the dark matter associated with 
galaxies, we would find that the galaxies are 
almost [Quching each other and are composed 
primarily of dark matter. This poses one of the 
great mysteries of modern astrophysics-what is 
this dark matter made of? 

There's a lot of very complicated physics going 
on in nearby galaxies, which makes it very diffi
cult to address this question. It 's much easier to 
study by looking at the microwave background 
radiation, which is left over from a time when the 
fluctuations in the density and temperature of 
matter were very small. The equations governing 
this regime are relatively simple, and we think we 
understand them pretty well. 

We have already made a number of observations 
of the microwave background radiation with the 
40- and five-meter radio telescopes at Cal tech's 
Owens Valley Radio ObservatOry, 250 miles north 
of Los Angeles. What we have found, and what 
has been found by a number of other astronomers, 
is that within about one part in 30,000 there are 
no variations in the temperature of the microwave 
background at all. This is perplexing, because it's 
hard to see how quasars could form within a bil
lion years after the Big Bang, if you start Out with 
a very smooth universe. Ir takes longer than that 
for [he material to accumulate into clumps by 
gravitational attraction. In fact, it is now widely 
accepted rhat these results show that it is simply 
nOt possible to begin wirh fluctuations of on ly the 
strength inferred from the microwave background 
radiation observations and produce galaxies on the 
required rime scale. 

If we wish to produce galaxies on rhe required 
time scale, and quasars one billion years after the 
Big Bang, we must have larger seeds than the 
densiry fluctuations that we infer from rhe micro
wave background radiation. It's nOt easy to get 
around this difficulty as long as we assume rhat 
the seed fluctuarions are fluctuarions of ordinary 
matter composed of protons and neutrons. Pro
tO ns and neurrons are called baryons, and wherever 
there are protOns and neutrons rhere are also 
electrons-one for every prOtOn. Light photons 
(and radio photOns) interact strongly wirh elec
trons. So if the seed fluctuations consisted of 
baryons, then we would see fluctuations in the 

microwave background radiation since matter and 
radiation are strongly coupled . Bu t we don't. 
This rules our baryons as [he major consrituent of 
the seeds. As a resul t, many cosmologists now 
believe that rhe seed fluctuations consist of 
nonbaryonic dark marter, and that it is the same 
nonbaryonic dark matter that constitutes the 
majority of rhe matter in galaxies. 

Therefore, a significanr fraction of the uni
verse-perhaps as much as 99 percent of its 
matter-may consist of nonbaryonic matrer. 
There are other lines of evidence beyond the 
rotational speeds of galaxies that suppOrt this 
conclusion. For one thing, the relative abundances 
of the lighr elements depend critically on the 
primordial photon-to-baryon ratio, and the 
observed abundances of these elements tell us that 
rhe amount of baryons in the universe is about two 
percent of the critical density. Yet other observa
tions, based on rhe calculated gravitation between 
groups of galaxies, imply rhat rhe universe's total 
density (baryonic and nonbaryonic matter com
bined) is at least 20 percent of the crit ical density. 
Hence baryonic matter can account for, at most , 
10 percent of the universe's total matter content. 
The remainder could possibly be neurrinos, but 
this seems unlikely, fo r reasons we don't have space 
to discuss here. It cou ld also be material that's 
completely different from any of the material that 
we're fami liar with. But ir"s still a bit of a reach to 
try to ger out of a theorerical difficulty like this by 
saying, "Well , 90 to 99 percent of the matter in 
the universe is in a bizarre form [hat we JUSt 
haven't been able to deteee yet." 

J now want to discuss the CBI, and tell you how 
it could rhrow light on all of the above questions. 
We are currently finalizing the design of rhis 
instrument, and testing prototypes of its major 
components, in Robinson Laboratory here on 
campus. There is a small local team, consisting of 
myself; Member of the Professional Sraff Steve 
Padin, the chief scientist, who is responsible for all 
of the derailed instrument design; Tim Pearson, 
who is responsible for the data reduction and 
analysis; Marcin Shepherd, who is designing the 
instrument's computer-control and data-acquisi
rion systems; John Cartwright, an ast ronomy 
graduate student; and Walt Schaal and John 
Yamasaki, engineers working part t ime on the 
project. Off campus, Marshall J oy of the Marshall 
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Space Flight Center is responsible for building the 
telescope dish molds. We're also collaborating 
with a group, headed by J ohn Carls trom of the 
Un iversity of Chicago and including people from 
the Center for Astrophysical Research in Antarc
tica, that is building a complementary instrument 
that will look at slightly larger angular scales than 
the CBI. 

Let me g ive you some idea of the angular scales 
of interest. In the plot above and in those that 
follow, I'll use the size of the moon, which is half 
a degree, as a fiducial angular size. 1 don't do this 
for capricious reasons-it turns out that this 
angular size is a very important size for the 
microwave background. If you take the moon's 
diameter and project it back OntO the microwave 
background , it rums out to be 300,000 light
years across. This is JUSt the size of the regions of 
the universe that can interaCt with each other. 
Larger regions span more space than light could 
have traveled since the Big Bang, so they cannot 
interact. We say that they are not causally 
connected. This means that within one lunar 
diameter, we can expect to see structures that are 
collapsing under their own self-gravity. Larger
scale structures wi ll not do this, since they have 
nor had time to feel the effect of their own gravity. 
(The highest resolution of the COBE observations 
is much larger than the causally connected pans of 
the universe.) At one- third of a lunar diameter 
we're in the regime of supercl usters, and at one
tenth in the regime of galaxy clusters. T he 
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The angular size of features in the sky can be seen here in 

terms of moon diameters. One moon diameter projected 

onto the background radiation could resolve structures 

300,000 light-years across, the maximum size for regions 

that are "causally connected." At 0.3 moon diameters, we 

would be able to see something the size of superclusters, 

and at O. r moon diameter, galaxy clusters. The CBI will be 

able to measure temperature over all these angular 

scales-a much higher resolution than that of COBE. 

instrument that we 're building at Caltecb is 
designed to observe over this range of angular 
scales. 

Over the last decade there has been a tremen
dous flurry of theoretical activity to work out 
different possible cosmological models that prediCt 
the expected change in temperature of the m icro
wave background radiation over a range of angular 
scales . These calculations have been carried Out for 
various assumed values of the three parameters we 
discussed earlier- the Hubble constant, the 
density parameter, and the cosmological constant. 
The three plots at right provide a graphic demon
stration of why the angular scale correspond i ng to 
the moon's diameter is important-nearly all of 
rhe models predict a peak in temperature fluctua
tions at th is or a slightly smaller size. In the top 
plot we see theoretical predictions for three 
different values of the Hubble constant if we 
assume that a '= 1, that is, the density parameter 
equals rhe critical density. (There are no estimates 
of a-which are generally based on observations 
of galaxy velocities-that are significantly greater 
than 1.) If we could make good observations of 
the microwave background radiation, we should 
be able to discriminate clearly between values of 
the Hubble constant corresponding to an age of 
the universe of 20, 12, and 9 billion years. 
Similarly, if we look at models in which we fix the 
Hubble constant and vary the density parameter, 
we see that the main peak in the temperature 
fluctuations varies (middle). Thus, for example, if 
the densi ty parameter is O.3---corresponding to an 
open universe- we see that the peak occurs at 
about a half a lunar diameter, that is, at one 
quarter of a degree. Thus, measuring the position 
of the main peak should tell us the mean density 
of the universe, and hence whether the expansion 
will one day turn into a contraction and head for a 
Big Crunch. By varying the cosmological con
Stant we prod uce a third family of cu rves (borrom). 
It turns out that there's enough information in 
these different curves that if you could JUSt mea
sure the temperature fluctuations with enough 
precision, you should be able to determine the 
values of these three parameters. 



The early predictions of the magnitude of the fluCtuations were off by 

a factor of lOO , and any theory that assumes chat more than 90 

percent of the maner in the universe is in some bizarre form that we 

know nothing abou t deserves a certain amount of skept ic ism. 

Theoretical calculations for 

the various cosmological 

models have predicted the 

expected temperature 

fluctuations over a range 

of angular scales. The top 

graph of three values of 

the Hubble constant 

(related to different ages 

of the universe) shows a 

peak at ranges within the 

CBI's view. In the middle 

graph, which varies the 

density parameter (with a 

fixed Hubble constant). 

there are several peaks 

from 0.3 to I moon 

diameter. The bottom set 

of curves varies the 

cosmological constant. 

We shou ld, however, be careful about taking 
these models coo seriously; they could all be 
wrong. The early predictions of the magnitude of 
the fluctuations were off by a factor of 100, and 
any theory that assumes that more than 90 percent 
of the matter in the universe is in some bizarre 
form that we know nothing about deserves a 
cerrain amount of skepticism. On the other hand, 
[he models may be right, so what we want is an 
instrument that will enable us to make the images 
needed co measure the actual variations in tem
perature over this range of angular scales. We may 
end lip finding someth ing that's completely 
different from any of these models, but whatever 
we discover is bound CO be very interesting. 

The csr will be a radio incerferometer consist
ing of 13 antennas, each with its own receiver, 
mounted on a 6.S-meter platform. The signals 
from each pair of amennas (78 in all) will be 
combined in a correlacor and then recorded. This 
is a standard radio-astronomy technique, which 
enables us to make images of the sky that reveal, 
in this case, very small variations in temperature. 

The eSI has to measure temperature differences 
of onl y 10 millionths of a degree-a very difficult 
achievement. We have to use extremely sensitive 
receivers, which have to be cooled to 15K and 
kept at this temperature for many months. In 
addi tion to thermal noise, which we minimize 
by using cooled receivers, there are a number of 
sources of systemacic error chat can eas il y swamp 
rhe signals that we are trying to dereee. One of 
the largest of these error sources is so-called "cross 
talk" between adjacent antennas, in which some of 
the noise from one receiver leaks back out of the 
fronc of its antenna and is picked up by an adja
cent antenna. When the signals from the two 
antennas are correlated, the noise shows up as a 
correlated signal-m imicking a signal from the 
sky. Steve Padin has used a novel antenna design 
to minimize this cross talk, and his prototype tests 
show that the cross talk can be furt her reduced co 
an acceptable level if we add a third axis of rota
tion co the telescope. In addition to rotating 
about twO axes to point in the right direction, the 
telescope will rorate about its oprical axis. This 
will enable us to discriminate between signals 
coming from the sky and sig nals generated within 
the instrument itself-the former will remain 
fixed in the heavens as the telescope rotates . This 
extra rotation, plus very careful design of the 
antennas themselves, has solved the cross talk 
problem. 

Another problem is caused by rad io-frequency 
emissions from our own galaxy. We are observing 
the microwave background radiation through a 
rather dirty window-the radiation from dust and 
from free electrons within our galaxy is compa
rable to the signals we wish CO observe. Fortu
nately, the spectrum of this foreg round radiation 
is very different from that of the microwave back
ground rad iation. Therefore, by observing at a 
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One of the more bizarre 

theories of galaxy 

formation involves "cosmic 

strings," which would 

produce fluctuations in the 

microwave background 

radiation with characteris-

tics different from most 

other theories. All of 

them may be wrong. 

number of different frequencies, we can subtract 
out the foreground signals to get a clear image of 
the microwave background radiation itself. The 
eBl will therefore observe in 10 frequency bands, 
each ont gigahertz wide, between 26 gigahertz 
and 36 g igahertz. 

A third serio LIS difficulty for any instrument 
observing the microwave background radiation is 
[he atmosphere . Small flucruations in the levels of 
water vapor in rhe atmosphere add noise to the 
observations, and contami nate t he images. 
Consequendy, it can rake momhs [Q make an 
image that could be obtained in a few days in the 
absence of the atmosphere. To minimize the 
effects of the atmosphere, a number of high, dry 
sires are being considered for the CBl: the White 
Mountains, in California; Mauna Kea, in Hawaii; 
Amarcrica; and sites in the high Andes in Chile 
and Argentina. The phoro on page 30 shows the 
terrain near one of the prime sites we are consider
ing in Chile. 

Finally, rhermal radiation from the ground 
underfoot can easily swamp the microwave 
background radiation signals. In order to elimi
nate this radiation, the CBl will have a reflecting 
ground screen, so t hat the ground will not be 
visible from any of the antennas at any time. 

T his is a competitive field, and in order to be in 
t he lead we need to have the CBI fully operational 
and making images within two years. Our work 
thus far has been made possible by generous gifts 
from Ronald and Maxine Linde and from Cal tech, 
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The plan for the (81 installation and ground screen is 

shown at top left. The instrument will be placed in a small 

crater-shaped hollow lined with reflecting material. In this 

way none of the 13 radio telescopes on the platform will 

be able to receive radiation directly from the ground, thus 

reducing the effects of signals from the ground to an 

acceptable level. At bottom left is a face-on view of the 

(81. A single one-meter telescope is shown as a circle near 

the lower right. It will be possible to center the 13 

individual telescopes on any of the smaller circles; the 

large variety of configurations will enable scientists to 

tailor the resolution of the instrument to the observations 

in hand. The large circle in the center is a bearing 

supporting the array. 

who provided the requ ired matching funds that 
enabled us to obtain a $2,000,000 grant from the 
National Science Foundation. We now have half 
of the eBl's total cost of $6,500,000 in hand, and 
are actively exploring funding possibilities for the 
remainder. We hope we succeed, because a scien
tific opportunity of this magnitude is extremely 
rare, and it's ha rd to imagine a more exciting 
prospecc than seeing this cri t ical stage in the birth 
of the universe. These images shou ld tell us how 
all structures formed in the universe. They should 
also tell us whether the dark matter that we know 
is out there is composed of normal material, or 
whether it is an exotic substance that has thus far 
eluded d irect detection. Nature is continually 
surprising us, and the CBI may well reveal un
foresee n aspects of the early universe that could 
revolutionize our understanding of cosmology, 
and possibly of basic physics itself. 0 
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