
















































































Figure 6. Photograph of the COBE Science Working Group (minus Eli Dwek) taken dur-
ing a meeting in 1988. From left to right: back row: Ed Cheng, Rick Schafer, Stephan
Meyer, Mike Janssen, John Mather, Ned Wright, George Smoot, Tom Kelsall, middle row:
Dave Wilkinson, Tom Murdock, Chuck Bennett, Bob Silverberg, Harvey Moseley, Michael
Hauser, Rainer Weiss, front row: Nancy Boggess, Sam Gulkis, Phil Lubin.
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Figure 7. The DMR instrument design. Left: photograph of the DMR instrument, right:
schematic of the DMR. The DMR has played the key role in the CMB anisotropy experi-
ments, including the U-2 flight experiments and the COBE DMR. The WMAP also adopted
differential radiometers as the basic apparatus for the CMB observations [66].
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The FIRAS observations established very strongly that the CMB is the relic
thermal radiation from the Big Bang and the DIRBE results revealed more
about the later universe. The DMR discovery of CMB anisotropies got the
most attention and has led to a whole area of activity with much theory, ad-
ditional experiments and space missions. The discovery of CMB anisotropies
was a many step process that involved the development of the instrumenta-
tion and techniques including calibration as well as the development of soft-
ware and personnel to construct the instrument, carry out the observations,
process and then finally analyze the data. To this point we have seen the
historical development of some of these. For the COBE DMR the develop-
ment of the experiment including instrumentation, calibration, software and
personnel was highly integrated though often in time order due to the long
period which COBE took. The outstanding instrumentation portion of the
team, e.g. Roger Ratliff (microwave components), John Maruschak (compo-
nent testing and verification), Robert Patschke (31.4 GHz), Maria Leche (53
GHz), Larry Hillard (90 GHz), Cathy Richards (receiver upgrade), Rick Mills
(test chamber and organization), Peter Young (test results), Marco Toral (an-
tennas), Gene Gochar (mechanical engineering), Frank Kirschman (thermal
design), Dave Amason (command procedures), Chris Witebsky (90 GHz
design), Dave Nace and Bernie Klein (instrument engineer), Dick Weber
(systems engineer) and so on, tested and assembled components, subsystems
and then the full set of DMRs were tested and calibrated. Goddard had been
fairly restricted in hiring and chose to do COBE as an in-house project and
thus was able to make additional hires so many young people were hired and
trained on this project. It was very rewarding working with these people and
to see their development and eagerness to take on challenging work and
significant responsibilities.
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Figure 8. The solid (blue) curve shows the expected intensity from a single temperature
blackbody spectrum, as predicted by the hot Big Bang theory. The FIRAS data fit with the
expected blackbody curve with 7= 2.726 K so precisely that the uncertainties are smaller
than the width of the blackbody curve, the data points are covered by the curve and not
visible [45].

DIRBE 1,25, 2.2, 3.5 pm Compols

Figure 9. False-color image of the near-infrared sky map (1.25, 2.2 and 3.5 pm composited)
mapped by DIRBE. The dominant sources of infrared light at these wavelengths are stars
in the Milky Way, as shown by the thin disk and the bulge at the center. Scattered bright
sources can also be seen off the galactic disk [66].
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During the end of this period, the data processing and analysis team began
building a data processing pipeline with simulations and systematic checks
and reviews. Sergio Torres, Jon Aymon, Charles Backus, Laurie Rokke, Phil
Keegstra, Chuck Bennett, Luis Tenorio, Ed Kaita, R. Hollenhorst, Dave Hon,
Qui Hui Huang, Al Kogut, Gary Hinshaw, Robert Kummerer, Jairo Santana,
Kris Gorski, Tony Banday, Charley Lineweaver, Giovanni De Amici, Pete
Jackson, Kevin Galuk,Vijay Kumar, and Karen Loewenstein were the many
people who worked on the DMR data processing and analysis. This is, of
course, a very small fraction of the people who worked on COBE over the
many years.

We started with a small team of five post docs and one graduate student de-
veloping the software about one and half years before launch. We built up the
team slowly as launch approached and passed. About half an hour after COBE
was launched it flew over Antarctica and the extra ice-reflected sunlight pro-
duced excess solar electric power and mission control asked to turn on the
DMRs earlier than their original timeline to absorb some of the excess power.
I quickly approved and the DMR instruments were commanded on. As soon
as the DMRs power came on, the internal noise calibrators fired as they were
programmed, producing a nice strong but on scale signal, then as the COBE
space craft rotated, the DMR beams swept over the moon (lucky alignment)
and we could tell from our real-time software plots that the DMRs had sur-
vived the launch and were operating apparently nominally given the observed
signals and apparent noise. Only time would tell if the instrument would re-
main sufficiently stable and reliable to make the required observations.

At the end of the first day, Sergio Torres and Dave Hon ran the full map-
making pipeline and it worked well. We had DMR maps covering half the sky.
They were noisy but still the best maps any one had to that point. We were all
in good spirits and filled with optimism for the long period of observations
and processing that was going to be necessary. After six months we had a sub-
stantial amount of data and things were working well enough that we made
a full, carefully documented map pipeline run and produced maps covering
essentially the full sky. These maps were quite good and had what we know in
retrospect was just enough sensitivity to detect the primordial CMB anisotro-
pies. We did note that there were small significant effects in the data but
chose to publish only an upper limit on anisotropies to be conservative since
we had had only limited time to understand fully the experiment and there
were possible systematics in the instrument, our estimate of the possible astro-
physical foregrounds, or in the data processing and analysis. We knew that
we could make significant improvements in the processing of the data and
correct for small residual effects. We wanted also to do sensitivity studies to
ensure that we understood the experiment well.

During my training as a young scientist, my mentors, including Dave
Frisch, Luis Alvarez, and their colleagues, repeatedly emphasized the im-
portance of maintaining high scientific standards, both in choosing good
projects and in executing them well. I heard of how important it was in this
kind of experiment to set up systems and approaches so that one does not
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mislead oneself and assume that one has things right. Often even the most
careful person lets down their vigilance when the results are coming out as
expected and pays more attention when the result is different or unexpected.
This is simply human nature and one must be careful not to fall in this trap.
There was a famous paper showing the measurements of the speed of light
with error estimates over time. It systematically changes with time but almost
always within the estimated errors even though over many experiments, it
changes by many standard deviations. This was unequivocal proof of this
tendency and thus the need to be rigorous and systematic regardless of the
result one was obtaining. One should work until confident in how well one
has done before looking at the result and start believing in it. In many fields
itis essential procedure to do the experiment in a double-blind method so as
to guard against this very expectation effect.

So as soon as we had revamped and retested our data processing/map-
making pipeline, we carefully validated it and then processed the full first-
year data set. When the maps were made, there were clearly some residual
signals above the noise. A sure-fire indicator was that when we made maps at
each DMR frequency (31.4, 53, and 90 GHz) to get the best sensitivity we co-
added the data from each of the two (A and B) channels at each frequency.
However, we could also difference the A and B maps which should subtract
any sky signal and leave only the independent instrumental noise. The vari-
ances and the smoothed A+B maps looked significantly different from the
A-B maps. The A—B maps were consistent with what was expected from the
simple Gaussian fluctuations of the receiver white noise. The question was,
were these extra signals from the CMB, from astrophysical sources, from the
instrument and experimental procedures, or from the data processing? At
one of our COBE science team meetings I reported to the full SWG that we
saw some effects but that it was too soon to be sure that it was not some arti-
fact. I set the goal for the DMR analysis team of systematically going through
all our steps and processes to show that we have each thing accounted for
properly since in this kind of experiment one attributes to the CMB every-
thing that is not attributed to anything else. We set up a plan and schedule to
work through everything systematically and have each study confirmed and
checked. The team fell into hard focused work on this program not jumping
right to the conclusion that this was CMB anisotropy but that assuming that
this was the correct approach. About six months (August 1991) into this,
Ned Wright turned part of his attention to the DMR and noted that the one-
year DMR maps had fluctuations in them consistent with Cold Dark Matter
(CDM) cosmological model. This did not deflect the DMR team much as
they were still trying to get done the projects set for them by their deadlines.
In October Ned Wright did another bit of processing of the one-year maps
with software he wrote and concluded that the data fit a Harrison-Zeldovich
spectrum with a corresponding quadrupole amplitude of about 15 uK. We
found about 30 pK in the DMR official software. Ned was now excited about
the DMR potential results and wanted to bring it up at the next Science Team
meeting. We agreed to have it at a more private special evening meeting after
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dinner at Al and Nancy Boggess’s house as it would be a sensitive issue. The
Science Working Group (as I argued) thought it appropriate to be conserva-
tive, educate all the members of the team on the status and reliability of the
results and have the DMR team prepare and present to the full science team
a review of all portions of the DMR experiment. This review was set for the
end of the year 1991.

This extra attention from the SWG began to affect the DMR analysis team.
They did not want to miss out on the discovery and especially the fun and
excitement of the science analysis and the cosmological implications. I tried
to have no one work on science analysis papers (myself included) until the
checks were done. This was for the very point of ensuring that we had done
a job that we were very confident was as good as possible. I worked hard to
keep them on track and careful about getting the correct results and went so
far as to offer two free tickets anywhere in the world to any one that could
find an effect from anything (other than the CMB) what would explain a
significant portion of what we were seeing. We divided into specialists in the
areas of instrumental errors (led by the outstandingly able Alan Kogut who
had to deal with very many potential issues), galactic foregrounds (Chuck
Bennett and Gary Hinshaw), software (Sergio Torres for the DMR official
code, George Smoot and my graduate students Luis Tenorio and Charley
Lineweaver creating independent code and tests and Ned Wright with his
own map processing software), and so forth. David Wilkinson was a particu-
larly determined skeptic keeping everyone on their toes.

We held the review just after New Year’s and presented all the tests, checks,
calibrations and results in a day long review with extra material to the full
DMR and SWG. There were a few things left to follow up but with them
underway, we turned to analyzing the maps for their scientific results. There
are a number of interesting things here including the low quadrupole and so
forth but the most important issue was following a rigorous procedure. This
was evident to me when we had the last SWG meeting to review the results
and papers and discuss going public. At that meeting we also heard from the
MIT-Princeton Team with a balloon-borne bolometer experiment whose data
seemed to support the DMR results though were not as strong as the DMR.
That seemed consistent but not conclusive. Then Phil Lubin got up and
argued against going public stating that his group’s data from their South
Pole experiment was inconsistent and had a lower upper limit than the DMR
results. This caused concern among some of the SWG but I found myself con-
fidently arguing for going forward and publishing. I felt that the DMR team
had done about a good a job as one could and were very likely to be correct.

In April 23, 1992, the COBE team announced the historical discovery of
the anisotropies of cosmic microwave background radiation with character-
istic anisotropy AT/T ~ 10® or AT ~ 30uK on angular scales larger than ~ 7°
at the annual meeting of American Physical Society in Washington D.C [47].
The CMB anisotropy provides very rich information on the early universe,
allowing the calculation of cosmological parameters and discrimination of
various detailed models of the Big Bang. The anisotropy map produced by
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the COBE DMR is composed of 6,144 pixels each 2.6° x 2.6°. This can be
compared to the size of a patch of sky subtended by light that had been trav-
eling since the beginning of the universe, about 1°. That is, the perturbations
detected by DMR are directly from the primordial state set at the beginning.
After 4 years of measurements by the COBE DMR, the typical signal-to-noise
ratio in a 10° smoothed frequency-averaged map rose to ~2, so the anisotropy
could be seen by eye. The DMR found the CMB thermodynamic tempera-
ture of Tj, = 2.725 + 0.020 K which was well consistent with the result of COBE
FIRAS. If we subtract this temperature from the map and change the scale
by a factor of 1,000, the CMB dipole looms out of the uniform background
with amplitude 3.358 + 0.024 mK toward the Galactic coordinates (/% &%)
= (264.31° £ 0.16°, 48.05° + 0.10°) reconfirming the discovery of U-2 flight
experiments. When the scale is increased to 100,000, higher multipoles (I =
2) can be seen. Figure 10 shows these features at these increasing scale fac-
tors. The quadrupole amplitude was estimated between 4uK and 28uK. The
analysis of multipoles with /> 2 showed that the fluctuations are consistent
with scale invariant (an n = 1 power-law) fluctuation spectrum as predicted by
models of the inflationary Big Bang (Figure 11). Another important test for
the inflationary Big Bang theory is the Gaussian distribution of the primor-
dial temperature fluctuations. Our COBE DMR data found no evidence for
deviations from a Gaussian distribution [49] as have all the experiments that
have followed thus far.
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Figure 10. The breakdown of the CMB sky map produced by COBE DMR [66], monopole
(top), dipole (middle) and multipole (bottom). At 7'~ 3K level (top), we have uniform ra-
diation from every direction. When the sensitivity is changed to ~ mK level, the dipole pat-
tern shows up, which is due to the peculiar motion of our solar system relative to the CMB
rest frame. As the scale is refined to AT~ 10uK, after removal of the dipole, the multipole
features of anisotropy become evident. These very tiny fluctuations give us the information
about the early universe.
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Figure 11. By 2001 the first acoustic peak was observed and there was evidence mount-
ing for a second peak in the CMB angular power spectrum based upon the observations
obtained from COBE DMR, MAXIMA, BOOMERanG, DASI, and CBI. In a couple more
years much more data were available and the WMAP first year data then traced out the
plateau and first peaks. The solid blue line is the prediction curve of a model with n=1, H
= 50km/s/Mpc and cold dark matter [67].

2 FORGING THE STANDARD MODEL OF COSMOLOGY: ACDM

2.1  The Suborbital CMB experiments

The CMB anisotropy is the most important cosmological observable to date,
so many more ground based and balloon-borne CMB experiments followed
the COBE mission in 1990’s [52]. While some experiments focused on large
angular scales at frequency bands not used in the COBE DMR, most of the
projects worked on the smaller angular scales which were not explored by the
COBE DMR. These small angular scale experiments put very tight constraints
on cosmological models. Results from some representative experiments on
the angular power spectrum are presented in Figure 12. Supernovae obser-
vations startled the cosmology community with the discovery of accelerated
expansion of space [56, 57]. This brought back the cosmological constant to
the Einstein equations, introduced originally with different motivation and
then discarded soon after. Observations other than the CMB experiments

148



including galaxy surveys have provided valuable information and allowed
cross checks with the results from the CMB experiments. Some recent results
of suborbital experiments/observations are presented in Table 5, Figure 12
and Figure 17.
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Figure 12. The best fit curve (orange) of small-scale angular power spectrum for ACDM
model estimated with WMAP data and measurements carried out by ground-based and
balloon-borne CMB experiments [51]. Notice that this shows the greater details of angular
power spectrum at the range /= 300.

2.2 Physics from CMB Anisotropy Power Spectrum

The observations of the CMB anisotropy power spectrum have turned us
from speculations about the Universe with meager measurements to a work-
ing cosmological model in which the Universe is spatially flat, consists mainly
of dark matter and small fraction of ordinary matter just sufficient to produce
the light element primordial abundances. All the complex (cosmic web)
structure of matter formed from primordial adiabatic fluctuations believed
to be the result of quantum mechanical fluctuations from when the Universe
was a tiny fraction of a second old - the Inflationary epoch. Observations to
date have achieved of order a few per cent accuracy on the key cosmological
parameters and the coming decade is likely to see this accuracy improve to
less than a per cent. In large part, this is due to the expected improvement
in CMB temperature and polarization anisotropies. That change will make
a very substantial difference in our understanding and in our ability not
only to determine those parameters but also to test the key elements of the
assumed physics of our cosmological model and even probe what were the
natural and minimum initial conditions.

These new results, their analysis and interpretation, will have profound
implications for the physics and astronomy. The current successful models
call for four major new pieces of physics: dark energy, dark matter, Inflation
(or alternative), and the matter-antimatter asymmetry and assume four other
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major items: no other significant relics of the early universe, there are no sig-
nificant extra dimensions, the fundamental constants do not vary with time,
there are no other significant exotic forces in play. All of these will be tested
and probed in a precise way.

An important reason for this is the physical simplicity of the early universe
and processes that leave their imprint on the CMB. The CMB is a very rich
source of information because all the oscillations are still linear and the phys-
ics of the fluid is well understood and there are many possible features to
probe and observe.

The early universe is dominated by the cosmic background radiation
(CBR) photons which interact strongly with the electrons (electrically coup-
led to the protons and helium nuclei) to make what is called the photon-
baryon plasma. This plasma undergoes simple acoustic oscillations until the
universe cools enough for neutral atoms to form and the baryons and pho-
tons lose their tight coupling. The photons are then free to propagate across
the universe from this last epoch plasma which marks the cosmic photo-
sphere very much like the apparent surface of the Sun (solar photosphere).
The photons that were set free in the transition from a cosmic plasma to
stable atoms make up the cosmic microwave background radiation which is
present everywhere in the cosmos. As we observe this radiation in the sky, we
are practically looking at a snapshot of the early universe.

It is easy to calculate that this de-ionization happened when the universe
was 1,089 times smaller than the present at a time about 379,000 years from
the beginning of the Big Bang. The process is set by the adiabatic expansion
of the universe which gives the ratio of CBR temperatures being the inverse
ratio of universe scale sizes. Thus when the universe was 1,089 times smaller
than now, the CBR temperature was 1,089 times higher or about 3,000 K
which because of the large ratio of photons to baryons is sufficient to ensure
that the universe is fully ionized. (Go to the equilibrium equations of Saha
and put in a hydrogen ionization energy of 13.6 eV and the temperature
of 3,000 K or equivalent mean energy about 1/4 eV per photon provides
enough photons above 13.6 eV to ionize all the hydrogen and helium.) This
happens fairly rapidly but not instantaneously and thus extends over about
Az = 70 compared to 1,089 which is similar to the skin on an apple. The fi-
nite thickness of the region of last scattering of photons with the primordial
plasma is an important reason that there is a damping of the visibility of small
features or the damping of the high spatial frequencies (high /). Now we can
understand the roll off (diminishing of signal) at small angular scales.
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2.2.1 The Geometry of Space Time

We can probe the geometry of space time by observing sound waves in the
primordial plasma. The CBR dominates the early universe and thus the pho-
tons (and other relativistic particles) moving at the speed of light in random
directions are the particles that make up most of any sound wave in the early
universe. Because we live in three dimensions, the speed of sound will be the
speed of light divided by root 3 (v _= c/3).%

According to Jeans’ theory, first derived to explain the formation of the
solar system and oscillations of stars under the influence of gravity, if the
free fall time is shorter than the sound crossing time, gravitational collapse
occurs. If the sound crossing time is shorter than the free fall time, then the
system can adjust and undergoes acoustic oscillations. The Sun oscillates as a
result of any perturbation. So does the early universe, since the sound speed
is so high and the gravitational perturbations are so small (10°) that gravity
is weak and the free fall time is very long. Primordial perturbations all start
near time equals zero and oscillate acoustically - i.e. as sound waves. The CBR
is freed at 1 + z= 1,089 or about 379,000 years so that the CMB fluctuations
image them at that epoch. Primordial perturbations have had essentially an
elapsed time of 379,000 years to oscillate at the speed of sound.

At the close of those 379,000 years, the largest possible coherent acoustic
oscillations had a spatial extent of roughly 220,000 lightyears (or 70,000 par-
sec). There was simply no time for more: With the speed of sound at 0.6 light
speed and a time of 379,000 years, the largest regions in which coherent os-
cillations could develop had a spatial extent of 0.6 x 379,000 = 220,000 light
years. This upper limit is called the “sound horizon”. One reason these oscil-
lations are of great interest to cosmology is that CMB anisotropy observations
can determine the apparent angular size of the sound horizon in the sky.

When the first stable atoms formed, the sound waves in the cosmic plasma
caused tiny fluctuations in the temperature of the cosmic microwave back-
ground. The cosmic microwave background fluctuations were there before
the atoms formed. Satellites WMAP and Planck and other suborbital instru-
ments can map those temperature differences with high precision.

However, what is observed is not the absolute size of the sound horizon,
but its angular size in the sky. We do know the absolute size already, namely
the 220,000 lightyears mentioned above. By comparing the angular and the
absolute sizes, we can determine the curvature of our cosmos — whether space
is flat, or has a sphere-like or saddle-like shape. In ordinary Euclidean space
(“flat space”), we are well acquainted with the relationship: The angular size
(the “apparent size”) of a given object decreases linearly with the distance
— at least for far-away objects. The following image shows the relationship be-
tween the spatial extent L of a measuring rod, its distance and its angular size

* At the last scattering surface the baryon density has increased to the point that
it slightly affects the speed of sound. The baryon-photon momentum density ratio

R=(py+ pp)(py+ py) = 0.6(Qph" 10.02091000/1 +2) 50 that vy = c/43(1+ R)~

c/,|3(1+3 pgl4r) and this causes a small correction to this estimate.
Y

151



o.. Shown in red are light rays connecting us, the observer, with both ends of
the measuring rod:

Figure 13. Flat or Euclidean geometry.

Matters are somewhat different in a space of positive curvature, the three-
dimensional analogue of a spherical surface. In such a space, light does not
travel along straight lines. Instead, light rays converge, as can be seen in the
next image. The angular size (the “apparent size”) of a given object decreases
more slowly than linearly with the distance — at least for far-away objects. In
such a space, the same measuring rod at the same distance from us will have
a larger apparent size, corresponding to a larger angle o.

Figure 14. Closed or positively curved geometry.
In a space with negative curvature, it is the other way around: Light rays

diverge, and as a result the same measuring rod, still at the same distance,
will have a smaller apparent size, corresponding to smaller o.
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Figure 15. Open or negatively curved geometry.

Consequently, it is simple to read off the curvature of space from the cos-
mic microwave background. We know the absolute size of the largest sound
waves in the early universe, and we can measure their apparent size in the
sky. The distance of the microwave background can be calculated. We know
the temperature at which it was formed, and we can measure its temperature
today. The temperature difference between then and now is directly related
to the amount by which the universe has expanded from then until now, and
this, in turn, is directly related to the distance. Comparing the apparent and
true sizes at the calculated distance, we obtain the curvature of space. In this
way, we have determined that, to high precision, space in our cosmos is flat.

2.2.2 Acoustic Oscillations
So why do the acoustic peaks show up? What do they tell us?

The geometry of spacetime is most precisely determined by measuring
the angular scale of the first acoustic oscillation peak in the angular power
spectrum. With observations of several peaks we are able to tie down several
parameters and determine the geometry of spacetime even more precisely.
How can we understand the plateau and the acoustic peaks?

That again is conceptually simple. If a physical system is hit by a spike of
short duration — the extreme version is a Dirac delta function, i.e. an impulse
of zero time duration — then all possible oscillation modes are excited equally
on average but stochastically. This would be equivalent for the early universe
of equal power or identical rms perturbation amplitudes into all plane wave
for flat spacetime or appropriate modes. So, if we choose the correct plotting
of the angular power spectrum, the initial perturbations or excitation would
be basically independent of scale and particularly angular frequency. The
finite thickness of last scattering will damp out the high angular frequencies.
Another effect which is leakage of photons out of high frequency perturba-
tions because of minor edge effects adds to this effect. Because of the geom-
etry of spacetime and the contents of the universe, this otherwise nearly scale
invariant power spectrum has a set of acoustic peak at a fundamental angular
frequency and its harmonics. These are really three-dimensional perturba-
tions that are then manifested upon the apparently spherical sky.
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On the largest angular scales, e.g. those first observed by the COBE DMR,
we observe what are the basically initial conditions. These scales are so large
that even moving at the full speed of sound (c/\/3) the change is small
compared to the size of the structure and elements that large have only un-
dergone a very small fraction of an oscillation from the beginning until the
last scattering surface. Perturbations that are much larger than the sound
horizon remain little changed and will show up in the power spectrum as
simply the low angular frequency (large angular scale) plateau that reflect
the primordial perturbations. Without the acoustic oscillations, the angular
power spectrum would remain flat until the high angular frequency (small
physical scales) damping cuts it off.

Why is there a well-defined first peak, if all scales are simply oscillating and
there is little damping on the larger scales?

However, when one reaches the scale of about 220,000 light years at the
surface and time of last scattering, the oscillation has had time to just fully
compress. Compression makes that region hotter and that is what shows up
in the snap shot provided by the CMB.

At half that size an acoustic oscillation has time to compress and then ex-
pand and reach maximum rarefaction. It would appear to be cooler than the
average. In an angular power spectrum this would appear as the second peak,
since taking the power rectifies (squares) the variation which was to cooler.

At one third that size the acoustic oscillation has time to compress, rarify,
and reach maximum compression again. This is the source of the third
acoustic. And so on for higher spatial frequency peaks. It will appear warmer
than the average. At 3/ 4hs that size the oscillation has compressed and then
expanded back to the starting place for no contrast to the average. Thus
measuring the mean square fluctuations on each scale or the power spec-
trum, one would anticipate peaks at the sound horizon, half the sound ho-
rizon, one third the sound horizon, etc. and then nulls mid way in between.
However, there is an additional effect from the motion of the oscillations — at
the half way points the sound wave is moving with maximum speed and the
Doppler effect produces a small secondary peak exactly out of phase with the
compression and rarefaction. These somewhat fill in between the acoustic
peaks so that there is not a precise null.

The key points are that: (1) Compressed fluid is hotter. (2) Oscillation
frequency scales inversely with size. (3) Oscillations stop at last scattering. (4)
Nulls of oscillations are when Doppler effect is maximal from the motion of os-
cillation. (5) Fluctuations are imprinted on CMB at the last scattering surface.

All these effects are readily calculable as they depend only on the geometry
and the speed of sound. There are small corrections for the speed of sound
near last scattering due to the baryon loading (baryons are relatively more
important as the CMB is cooled by the expansion of the universe) and also
the effect of the dark matter and even a small correction for dark energy.
One finds that the height of the first peak is proportional to the total matter
content of the universe while the second (rarefaction) peak is set more by
the baryon content and so on. As a result, by carefully fitting to the ampli-
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tudes and /values, one can precisely constrain the physical density of baryons
and dark matter as well as the geometry of space-time.

The first acoustic peak occurs at [~ 220 or about 0.9° angular scale for a
flat universe. The early observations quickly confirmed this value indicative
of a universe near flat. Now observations are getting sufficiently precise that
one must take into account the small corrections that come from the possible
variation of the contents of the universe. One must take into account that the
photon-baryon fluid is not purely photon-dominated at the last scattering
surface. Baryons add to the mass of the photon-baryon plasma without add-
ing pressure. Also the universe is not exactly matter dominated and there is
some dark energy content. The dark energy content comes to dominate in
later epochs and changes the distance to the last scattering surface somewhat
and thus changes the apparent angles on the sky a small amount. All of these
effects are small but are important at the percent to few percent level. By far
the most dominant factor is the geometry of the universe and via General
Relativity the total energy content of the universe is very close to the critical
value. In current models this means Q,,,= Q,,+ Q, = 1.02 + 0.02.

2.2.3 The Dark Matter and the Baryon Content of the Universe

By the epoch of last scattering the energy density in dark matter gets to be
larger than the energy density in photons. As a result, the inertia and gravi-
tational potential of the matter is the source of the restoring force (gravity)
for the acoustic oscillations and thus affects the amplitude of the oscillations
directly. Thus the height of the acoustic peaks is proportional to the total
mass density which is primarily dark matter. By measuring the height of the
peaks, particularly the first peak, the physical density of matter Q, /42 is well
determined.

Baryons (or ordinary matter) load down the photon-baryon plasma and
add inertial (and gravitational) mass to the oscillating system. The effect on
the acoustic peaks is easy to understand. If one adds mass to a spring and lets
it fall in the gravitational field, with more mass loading the spring, it falls fur-
ther before pulled back by the spring. Then it rebounds to the same position
it started from. That is the maximum compression increases but the rarefac-
tion is unchanged.

Since the odd numbered (first, third, fifth...) acoustic peaks are associated
with how much the plasma compresses (falls into the gravitational potential
wells), they are enhanced by an increase in the amount of baryons in the uni-
verse. The even numbered peaks (second, fourth, sixth) are associated with
how far the plasma rarefies (rebounds in the gravitational field). The addi-
tion of baryons enhances the odd peaks over the even peaks. Added baryons
make the first acoustic peak much larger than the second. The more baryons
the more the second peak is relatively suppressed.

If the baryons contribute a negligible amount of mass to the plasma, the
CMB temperature at the bottom of the potential well oscillates symmetrically
around zero. With more baryons in the system, the plasma is loaded down.
The plasma compresses further inside the potential well before pressure can
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reverse the motion. The oscillation is now asymmetric in that the extrema
that represent compressions inside potential wells are increased over those
that represent rarefactions. The power spectrum doesn’t care about the sign
and so take the absolute value of the temperature fluctuation. Now we see
that the first and third peaks are enhanced over the second peak. When we
do the full calculation of the power spectrum, the basic physics of a mass on
the spring appears as advertised. The odd numbered acoustic peaks in the
power spectrum are enhanced in amplitude over the even numbered ones as
we increase the baryon density of the universe.

There are second order effects. Since adding mass to a spring slows the os-
cillation down, adding baryons to the plasma decreases the frequency of the
oscillations pushing the position of the peaks to slightly higher multipoles /.
(More bayons means slightly slower sound speed so a given number of oscil-
lation cycles must take place over a small size. v => 1) Baryons also affect
how sound waves damp, which affects how spectrum falls off at high . The
many ways that baryons show up in the angular power spectrum provides
many independent checks on the baryon density of the universe. The baryon
density is a quantity that the CMB can measure to exquisite precision. The
CMB observations agree with Big Bang Nucleosynthesis (BBN) at about 4.4
+0.4% of critical density. The BBN estimate comes from nuclear physics and
conditions in the first few minutes of the Big Bang. The CMB acoustic peaks
ratio comes from atomic physics at 380,000 after the Big Bang. As a conse-
quence there has been no significant change in the baryon—photo ratio from
an energy scale of an MeV to an eV and probably to now with an energy scale
of 1/4000 eV which is a substantial portion of the expansion history of the
universe.

2.2.4 Other Cosmological Parameters including Dark Energy, Equation of State

The CMB anisotropies are sensitive in varying degrees to a number of other
cosmological quantities including the dark energy density, its equation of
state, the age of the universe, the optical depth to the re-ionization of the
universe, and the slight tilt of the primordial perturbation spectrum. For
some of these observations of the CMB angular power spectrum turn out to
be extremely sensitive for some others there are degeneracies or near degen-
eracies that require the CMB observations to be combined with other cosmo-
logical observations to get a truly accurate result. Needless to say, the CMB
anisotropies do provide a substantial amount of information. In principle,
measuring the power spectrum multipoles provides up to 3,000 independent
numbers; while we believe that our standard model of cosmology can be well-
described by less than 20 parameters. Thus we have substantial redundancy
going from millions of pixels in our maps, by assuming rotational invariance
down to about 3,000 numbers in the angular power spectrum and then by
cosmological model fitting down to a couple of dozen parameters.
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2.3 Wilkinson Microwave Anisotropy Probe

Figure 16. A visual comparison of COBE DMR and WMAP. The COBE was able to show
only the super-horizon scale (~ 10°) structures while the WMAP has sufficient angular reso-
lution to show more detailed structures down to sub-horizon scale (~ 0.3°).

The Wilkinson Microwave Anisotropy Probe (WMAP) mission was the second,
more extensive satellite-borne CMB project also by NASA, which followed the
COBE. The skymap data taken by WMAP have 45 times the sensitivity and 33
times the angular resolution of the COBE DMR mission. WMAP used five
separate frequency bands from 23 to 94 GHz. The goal of WMAP was to map
the relative CMB temperature over the full sky with an angular resolution ~
0.3°, a sensitivity of 20 pK per 0.3° x 0.3° square pixel, with systematic artifacts
limited to 5 uK per pixel. In February 2003, the WMAP first-year data and
results were released and three-year data were released in March 2006 [68].
The results strongly support the inflationary Big Bang models. WMAP also
set tight constraints on the cosmological models, among which the ACDM
model (nearly flat universe with dark energy ~ 70%, cold dark matter ~ 25%,
baryonic matter ~ 5%) fits best with WMAP along with various independent
experiments (see Table 5 and Figure 17).
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Cosmological Parameters for ACDM Model

parameter WMAP 3-year All combined!

hy (Hubble parameter) 73.5 + 3.2km/s/Mpc 70.?3f11_‘?J km/s/Mpc
h (reduced Hubble parameter) 0.735 + 0.032 0.708 01
n, (scalar spectral index)? 0.951 +0.016 0.938;?:8112
Q,/2 (baryon density) 002230000 0.02193% oea
6, (dark energy densiy) o eTes00sal 073820016
Sy (matter density) o 02370034 .. 0.262 £ 0.016
o5 (matt. fluc. On 8/ Mpc) 0.742 = 0.051 0751008

t, (age of the universe) 13.73;?:112 Gyr 13.84 + 0.14Gyr
e T iy

T (reionization optical depth)

0.088_ 39

0.070. 308

Table 5. ACDM parameters computed using WMAP 3-year data only (middle column) and
various data sets combined (right column). Q refers to the density relative to the critical

density.

! Results with combined data from the experiments WMAP, 2df, SDSS, BOOMERanG, ACBAR,

CB I, VSA, SN Astier, SN gold, WL and BAO.
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Figure 17. Power spectrum predicted by ACDM model and plots by WMAP 3-year data
experiments, ACBAR and BOOMERANGO03. Solid (yellow) curve is the predicted power

spectrum of ACDM model.
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2.4 PLANCK: The Third Generation CMB Project

Figure 18. An artist’s rendering of the Planck satellite in space [69].

The Planck mission is the third generation space mission for the CMB experi-
ments. Conducted by the European Space Agency (ESA), it is scheduled to
be launched in 2008. In 1992, two potential space-based CMB experiments,
COBRAS and SAMBA, were proposed to ESA and adopted as a combined
mission called COBRAS/SAMBA. This project was later renamed as PLANCK
in honor of the German physicist Max Planck. The Planck mission will sweep
the full sky with frequency windows from 30 to 857 GHz, mapping precise
and extensive CMB anisotropies with angular resolution down to 5’ and
sensitivity AT/T ~2 x 10 [58]. Planck will improve on WMAP with advanced
features, 10 times the sensitivity, 2 or 3 times better angular resolution and
6 times the frequency coverage of WMAP. The resolutions of COBE, WMAP
and Planck are visually compared in Figure 19. Planck measurements are ex-
pected to set constraints on physics at energies greater than 10'® GeV and its
precise measurements of the CMB anisotropy with angular resolution of 10’
will revolutionize cosmology.
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Figure 19. The progression of satellite CMB map resolutions going from the COBE DMR
discovery maps to the WMAP and anticipated Planck map [69].

3 CONCLUDING REMARKS

The demonstration that we have understood the CMB as a relic from the early
Universe in a simple configuration has led us toward fulfilling the promise
that its existence and small deviations are a unique probe of cosmology
propelling us into an era which we now call ‘Precision Cosmology’. It is that
precision that makes cosmology a true physical science and now promises to
provide a means to know the universe better and to test our very assumptions.
The soon to arrive era of the Planck mission, with its related ground-based
CMB observations along with other cosmological observations, promises to
move us to the 1% or better level on all key cosmological parameters. As one
reaches this level of precision with cross-constraining observations one not
only determines the parameters of the universe but also strongly tests the as-
sumptions one has made in determining those parameters.

The cosmic microwave background has many more features yet to be ex-
plored fully, and one of the most important topics is the CMB polarization.
Another key topic is the Sunyaev-Zel’dovich effect via clusters of galaxies.
Linear polarization of the CMB arises via CMB photon scattering with free
electrons as long as there is a net quadrupole anisotropy seen by the free
electrons. So as Rees predicted in 1968, linear polarization should arise
from the anisotropies produced by the primordial perturbations that even-
tually lead to large scale structure formation. Since Thomson scattering of
an anisotropic radiation field also generates linear polarization, the CMB
is predicted to be polarized at the roughly 5% level [83]. This polarization
has been observed by the DASI [84] group and a few following instruments.
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In 2003 the WMAP experiment demonstrated that it was able to measure
the TE cross-correlation power spectrum [64]. The cross-correlation power
spectrum provides supporting evidence of the adiabatic nature of the per-
turbations, as well as directly constraining the thickness of the last scattering
surface. Since the polarization anisotropies are generated in this scattering
surface, the existence of correlations at angles far larger than about a degree
demonstrate that there were super-Hubble horizon length fluctuations at the
recombination epoch. We are just now in the early phases of observing and
exploiting the polarization of the CMB.

However, polarization of the CMB can arise from various sources not yet
observed such as re-scattering of the CMB photons during the re-ioniza-
tion and gravitational waves from inflation and small scale anisotropies.
Polarization measurements are anticipated to significantly improve the ac-
curacy of cosmological parameters and measurements will, in addition to
temperature anisotropy measurements, provide an independent test for
cosmological models. The B-mode (due to gravitational waves) polarization
in particular will give substantial information on the energy scale of inflation.
The CMB is also a favored subject in which one can probe theorized rem-
nants of Big Bang inflation such as topological defects [67] which are directly
related to physics in very early universe (7~ 10'°GeV).
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