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1. What is the CMB? (hot big bang and thermal history)


2. CMB statistics


3. Light propagation
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The expanding Universe

Hubble 1929

The farther away a galaxy is, the faster it 
appears to be receding from our 
position

The universe is expandingCopernical Principle



The expanding Universe

ΛCDM

Radiation

Matter

Dark Energy

100 104 106 108 1010

10-4

1

t [years]

a(
t)/
a(
t 0
)

Dark Energy

Matter

Radiation

100 104 106 108 1010

10-4

0.001

0.010

0.100

1

1251030100100010000100000

t [years]

Fr
ac
tio
na
lD
en
si
ty

redshift



The expanding Universe

ΛCDM

Radiation

Matter

Dark Energy

100 104 106 108 1010

10-4

1

t [years]

a(
t)/
a(
t 0
)

Dark Energy

Matter

Radiation

100 104 106 108 1010

10-4

0.001

0.010

0.100

1

1251030100100010000100000

t [years]

Fr
ac
tio
na
lD
en
si
ty

redshift



The expanding Universe

ΛCDM

Radiation

Matter

Dark Energy

100 104 106 108 1010

10-4

1

t [years]

a(
t)/
a(
t 0
)

Dark Energy

Matter

Radiation

100 104 106 108 1010

10-4

0.001

0.010

0.100

1

1251030100100010000100000

t [years]

Fr
ac
tio
na
lD
en
si
ty

redshift



The expanding Universe

ΛCDM

Radiation

Matter

Dark Energy

100 104 106 108 1010

10-4

1

t [years]

a(
t)/
a(
t 0
)

Dark Energy

Matter

Radiation

100 104 106 108 1010

10-4

0.001

0.010

0.100

1

1251030100100010000100000

t [years]

Fr
ac
tio
na
lD
en
si
ty

redshift



The expanding Universe

ΛCDM

Radiation

Matter

Dark Energy

100 104 106 108 1010

10-4

1

t [years]

a(
t)/
a(
t 0
)

Dark Energy

Matter

Radiation

100 104 106 108 1010

10-4

0.001

0.010

0.100

1

1251030100100010000100000

t [years]

Fr
ac
tio
na
lD
en
si
ty

redshift



The expanding Universe

ΛCDM

Radiation

Matter

Dark Energy

100 104 106 108 1010

10-4

1

t [years]

a(
t)/
a(
t 0
)

Dark Energy

Matter

Radiation

100 104 106 108 1010

10-4

0.001

0.010

0.100

1

1251030100100010000100000

t [years]

Fr
ac
tio
na
lD
en
si
ty

redshift



The expanding Universe

ΛCDM

Radiation

Matter

Dark Energy

100 104 106 108 1010

10-4

1

t [years]

a(
t)/
a(
t 0
)

Dark Energy

Matter

Radiation

100 104 106 108 1010

10-4

0.001

0.010

0.100

1

1251030100100010000100000

t [years]

Fr
ac
tio
na
lD
en
si
ty

redshift



The expanding Universe

ΛCDM

Radiation

Matter

Dark Energy

100 104 106 108 1010

10-4

1

t [years]

a(
t)/
a(
t 0
)

Dark Energy

Matter

Radiation

100 104 106 108 1010

10-4

0.001

0.010

0.100

1

1251030100100010000100000

t [years]

Fr
ac
tio
na
lD
en
si
ty

redshift



The expanding Universe

ΛCDM

Radiation

Matter

Dark Energy

100 104 106 108 1010

10-4

1

t [years]

a(
t)/
a(
t 0
)

Dark Energy

Matter

Radiation

100 104 106 108 1010

10-4

0.001

0.010

0.100

1

1251030100100010000100000

t [years]

Fr
ac
tio
na
lD
en
si
ty

redshift



CMB detection
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high pressure, such as the zero-mass scalar, capable of speeding the universe through the 
period of helium formation. To have a closed space, an energy density of 2 X 10-29 

gm/cm3 is needed. Without a zero-mass scalar, or some other “hard” interaction, the 
energy could not be in the form of ordinary matter and may be presumed to be gravita- 
tional radiation (Wheeler 1958). 

One other possibility for closing the universe, with matter providing the energy con- 
tent of the universe, is the assumption that the universe contains a net electron-type 
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun- 
dance. In this case, if the neutrino abundance were so great that these neutrinos are 
degenerate, the degeneracy would have forced a negligible equilibrium neutron abun- 
dance in the early, highly contracted universe, thus removing the possibility of nuclear 
reactions leading to helium formation. However, the required ratio of lepton to baryon 
number must be > 109. 

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone 
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of 
their measurements and in showing us their receiving system. We are also grateful for 
several helpful suggestions of Professor J. A. Wheeler. 

R. H. Dicke 
P. J. E. Peebles 
P. G. Roll 
D. T. Wilkinson 

May 7, 1965 
Palmer Physical Laboratory 

Princeton, New Jersey 

REFERENCES 
Alpher, R. A , Bethe, H. A , and Gamow, G 1948, Phys. Rev., 73, 803 
Alpher, R A., Follín, J W., and Herman, R. C. 1953, Phys. Rev , 92, 1347. 
Bondi, H , and Gold, T. 1948, M N., 108, 252. 
Brans, C , and Dicke, R. H 1961, Phys. Rev., 124, 925. 
Dicke, R. H. 1962, Phys. Rev., 125, 2163. 
Dicke, R. H , Beringer, R., Kyhl, R L , and Vane, A B. 1946, Phys. Rev., 70, 340 
Einstein, A, 1950, The Meaning of Relativity (3d ed.; Princeton, N.J.: Princeton University Press), 

p. 107. 
Hoyle, F. 1948, M N , 108, 372. 
Hoyle, F , and Tayler, R J 1964, Nature, 203, 1108 
Liftshitz, E M., and Khalatnikov, I. M 1963, Adv. in Phys , 12, 185. 
Oort, J H 1958, La Structure et Involution de Vuniverse (11th Solvay Conf [Brussels: Éditions Stoops]), 

p. 163. 
Peebles, P J. E. 1965, Phys. Rev. (in press). 
Penzias, A. A., and Wilson, R. W. 1965, private communication. 
Wheeler, J. A , 1958. La Structure et involution de Vuniverse (11th Solvay Conf. [Brussels: Éditions 

Stoops]), p. 112. 
  1964, in Relativity, Groups and Topology, ed C. DeWitt and B. DeWitt (New York: Gordon & 

Breach). 
ZePdovich, Ya. B. 1962, Soviet Phys.—J.E.T.P., 14, 1143. 

A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE 
AT 4080 Mc/s 

Measurements of the effective zenith noise temperature of the 20-foot horn-reflector 
antenna (Crawford, Hogg, and Hunt 1961) at the Crawford Hill Laboratory, Holmdel, 
New Jersey, at 4080 Mc/s have yielded a value about 3.5° K higher than expected. This 
excess temperature is, within the limits of our observations, isotropic, unpolarized, and 
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free from seasonal variations (July, 1964-April, 1965). A possible explanation for the 
observed excess noise temperature is the one given by Dicke, Peebles, Roll, and Wilkinson 
(1965) in a companion letter in this issue. 

The total antenna temperature measured at the zenith is 6.7° K of which 2.3° K is 
due to atmospheric absorption. The calculated contribution due to ohmic losses in the 
antenna and back-lobe response is 0.9° K. 

The radiometer used in this investigation has been described elsewhere (Penzias and 
Wilson 1965). It employs a traveling-wave maser, a low-loss (0.027-db) comparison 
switch, and a liquid helium-cooled reference termination (Penzias 1965). Measurements 
were made by switching manually between the antenna input and the reference termina- 
tion. The antenna, reference termination, and radiometer were well matched so that a 
round-trip return loss of more than 55 db existed throughout the measurement; thus 
errors in the measurement of the effective temperature due to impedance mismatch can 
be neglected. The estimated error in the measured value of the total antenna temperature 
is 0.3° K and comes largely from uncertainty in the absolute calibration of the reference 
termination. 

The contribution to the antenna temperature due to atmospheric absorption was ob- 
tained by recording the variation in antenna temperature with elevation angle and em- 
ploying the secant law. The result, 2.3° ± 0.3° K, is in good agreement with published 
values (Hogg 1959; DeGrasse, Hogg, Ohm, and Scovil 1959; Ohm 1961). 

The contribution to the antenna temperature from ohmic losses is computed to be 
0.8° ± 0.4° K. In this calculation we have divided the antenna into three parts: (1) two 
non-uniform tapers approximately 1 m in total length which transform between the 
2f-inch round output waveguide and the 6-inch-square antenna throat opening; (2) a 
double-choke rotary joint located between these two tapers; (3) the antenna itself. Care 
was taken to clean and align joints between these parts so that they would not sig- 
nificantly increase the loss in the structure. Appropriate tests were made for leakage and 
loss in the rotary joint with negative results. 

The possibility of losses in the antenna horn due to imperfections in its seams was 
eliminated by means of a taping test. Taping all the seams in the section near the throat 
and most of the others with aluminum tape caused no observable change in antenna 
temperature. 

The backlobe response to ground radiation is taken to be less than 0.1° K for two 
reasons: (1) Measurements of the response of the antenna to a small transmitter located 
on the ground in its vicinity indicate that the average back-lobe level is more than 30 db 
below isotropic response. The horn-reflector antenna was pointed to the zenith for these 
measurements, and complete rotations in azimuth were made with the transmitter in 
each of ten locations using horizontal and vertical transmitted polarization from each 
position. (2) Measurements on smaller horn-reflector antennas at these laboratories, 
using pulsed measuring sets on flat antenna ranges, have consistently shown a back-lobe 
level of 30 db below isotropic response. Our larger antenna would be expected to have an 
even lower back-lobe level. 

From a combination of the above, we compute the remaining unaccounted-for antenna 
temperature to be 3.5° ± 1.0° K at 4080 Mc/s. In connection with this result it should 
be noted that DeGrasse el at. (1959) and Ohm (1961) give total system temperatures at 
5650 Mc/s and 2390 Mc/s, respectively. From these it is possible to infer upper limits to 
the background temperatures at these frequencies. These limits are, in both cases, of the 
same general magnitude as our value. 

We are grateful to R. H. Dicke and his associates for fruitful discussions of their re- 
sults prior to publication. We also wish to acknowledge with thanks the useful comments 
and advice of A. B. Crawford, D. C. Hogg, and E. A. Ohm in connection with the 
problems associated with this measurement. 
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CMB anisotropies
experiment whose data seemed to support the DMR re-
sults 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 in-
consistent and had a lower upper limit than the DMR
results. This caused concern among some of the SWG
but I found myself confidently arguing for going forward
and publishing. I felt that the DMR team had done
about as good a job as one could and were very likely to
be correct.

On April 23, 1992, the COBE team announced the
historical discovery of the anisotropies of cosmic micro-
wave background radiation with characteristic aniso-
tropy !T /T!10−5 or !T"30 "K on angular scales
larger than "7° at the annual meeting of American
Physical Society in Washington, D.C. #Smoot et al.,
1992$. The CMB anisotropy provides very rich informa-
tion on the early universe, allowing the calculation of
cosmological parameters and discrimination of various
detailed models of the big bang. The anisotropy map
produced by the COBE DMR is composed of 6144 pix-
els each 2.6° #2.6°. This can be compared to the size of
a patch of sky subtended by light that had been traveling
since the beginning of the universe, about 1°. That is, the
perturbations detected by DMR are directly from the
primordial state set at the beginning. After four years of
measurements by the COBE DMR, the typical signal-
to-noise ratio in a 10° smoothed frequency-averaged
map rose to "2, so the anisotropy could be seen by eye.
The DMR found the CMB thermodynamic temperature
of T0=2.725±0.020 K which was well consistent with the
result of COBE FIRAS. If we subtract this temperature
from the map and change the scale by a factor of 1000,
the CMB dipole looms out of the uniform background
with amplitude 3.358±0.024 mK toward the galactic co-
ordinates #lG ,bG$= #264.31±0.16°, 48.05° ±0.10°$ recon-
firming the discovery of U2 flight experiments. When
the scale is increased to 100 000, higher multipoles #l
$2$ can be seen. Figure 10 shows these features at these
increasing scale factors. The quadrupole amplitude was
estimated between 4 and 28 "K. The analysis of multi-
poles with l%2 showed that the fluctuations are consis-
tent with scale invariant #an n=1 power-law$ fluctuation
spectrum as predicted by models of the inflationary big
bang #Fig. 11$. Another important test for the inflation-
ary big bang theory is the Gaussian distribution of the
primordial temperature fluctuations. Our COBE DMR
data found no evidence for deviations from a Gaussian
distribution #Smoot et al., 1994$ as have all the experi-
ments that have followed thus far.

II. FORGING THE STANDARD MODEL OF COSMOLOGY:
!CDM

A. The suborbital CMB experiments

The CMB anisotropy is the most important cosmo-
logical observable to date, so many more ground-based
and balloon-borne CMB experiments followed the

COBE mission in 1990s #Smoot et al., 1997$. While some
experiments focused on large angular scales at fre-
quency bands not used in the COBE DMR, most of the
projects worked on the smaller angular scales which
were not explored by the COBE DMR. These small an-
gular scale experiments put very tight constraints on cos-
mological models. Results from some representative ex-
periments on the angular power spectrum are presented
in Fig. 12. Supernovae observations startled the cosmol-
ogy community with the discovery of accelerated expan-
sion of space #Riess et al., 1998; Perlmutter et al., 1999$.
This brought back the cosmological constant to the Ein-
stein equations, introduced originally with different mo-
tivation and then discarded soon after. Observations
other than the CMB experiments including galaxy sur-
veys have provided valuable information and allowed
cross checks with the results from the CMB experi-
ments. Some recent results of suborbital experiments

FIG. 10. #Color$ The breakdown of the CMB sky map pro-
duced by COBE DMR #http://lambda.gsfc.nasa.gov/product/
cobe/$, monopole #top$, dipole #middle$, and multipole #bot-
tom$. At T"3 K level #top$, we have uniform radiation from
every direction. When the sensitivity is changed to "mK level,
the dipole pattern shows up, which is due to the peculiar mo-
tion of our solar system relative to the CMB rest frame. As the
scale is refined to !T"10 "K, after removal of the dipole, the
multipole features of anisotropy become evident. These very
tiny fluctuations give us information about the early universe.

1368 George F. Smoot: Nobel Lecture: Cosmic microwave background …

Rev. Mod. Phys., Vol. 79, No. 4, October–December 2007

nCMB =
16πζ(3)

c3 (
kBTCMB

h )
3

≃ 410 cm−3 nγ ∼ 1 cm−3
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The DMR found the CMB thermodynamic temperature
of T0=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 1000,
the CMB dipole looms out of the uniform background
with amplitude 3.358±0.024 mK toward the galactic co-
ordinates #lG ,bG$= #264.31±0.16°, 48.05° ±0.10°$ recon-
firming the discovery of U2 flight experiments. When
the scale is increased to 100 000, higher multipoles #l
$2$ can be seen. Figure 10 shows these features at these
increasing scale factors. The quadrupole amplitude was
estimated between 4 and 28 "K. The analysis of multi-
poles with l%2 showed that the fluctuations are consis-
tent with scale invariant #an n=1 power-law$ fluctuation
spectrum as predicted by models of the inflationary big
bang #Fig. 11$. Another important test for the inflation-
ary big bang theory is the Gaussian distribution of the
primordial temperature fluctuations. Our COBE DMR
data found no evidence for deviations from a Gaussian
distribution #Smoot et al., 1994$ as have all the experi-
ments that have followed thus far.

II. FORGING THE STANDARD MODEL OF COSMOLOGY:
!CDM

A. The suborbital CMB experiments

The CMB anisotropy is the most important cosmo-
logical observable to date, so many more ground-based
and balloon-borne CMB experiments followed the

COBE mission in 1990s #Smoot et al., 1997$. While some
experiments focused on large angular scales at fre-
quency bands not used in the COBE DMR, most of the
projects worked on the smaller angular scales which
were not explored by the COBE DMR. These small an-
gular scale experiments put very tight constraints on cos-
mological models. Results from some representative ex-
periments on the angular power spectrum are presented
in Fig. 12. Supernovae observations startled the cosmol-
ogy community with the discovery of accelerated expan-
sion of space #Riess et al., 1998; Perlmutter et al., 1999$.
This brought back the cosmological constant to the Ein-
stein equations, introduced originally with different mo-
tivation and then discarded soon after. Observations
other than the CMB experiments including galaxy sur-
veys have provided valuable information and allowed
cross checks with the results from the CMB experi-
ments. Some recent results of suborbital experiments

FIG. 10. #Color$ The breakdown of the CMB sky map pro-
duced by COBE DMR #http://lambda.gsfc.nasa.gov/product/
cobe/$, monopole #top$, dipole #middle$, and multipole #bot-
tom$. At T"3 K level #top$, we have uniform radiation from
every direction. When the sensitivity is changed to "mK level,
the dipole pattern shows up, which is due to the peculiar mo-
tion of our solar system relative to the CMB rest frame. As the
scale is refined to !T"10 "K, after removal of the dipole, the
multipole features of anisotropy become evident. These very
tiny fluctuations give us information about the early universe.
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experiment whose data seemed to support the DMR re-
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group’s data from their South Pole experiment was in-
consistent and had a lower upper limit than the DMR
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and publishing. I felt that the DMR team had done
about as good a job as one could and were very likely to
be correct.
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a patch of sky subtended by light that had been traveling
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perturbations detected by DMR are directly from the
primordial state set at the beginning. After four years of
measurements by the COBE DMR, the typical signal-
to-noise ratio in a 10° smoothed frequency-averaged
map rose to "2, so the anisotropy could be seen by eye.
The DMR found the CMB thermodynamic temperature
of T0=2.725±0.020 K which was well consistent with the
result of COBE FIRAS. If we subtract this temperature
from the map and change the scale by a factor of 1000,
the CMB dipole looms out of the uniform background
with amplitude 3.358±0.024 mK toward the galactic co-
ordinates #lG ,bG$= #264.31±0.16°, 48.05° ±0.10°$ recon-
firming the discovery of U2 flight experiments. When
the scale is increased to 100 000, higher multipoles #l
$2$ can be seen. Figure 10 shows these features at these
increasing scale factors. The quadrupole amplitude was
estimated between 4 and 28 "K. The analysis of multi-
poles with l%2 showed that the fluctuations are consis-
tent with scale invariant #an n=1 power-law$ fluctuation
spectrum as predicted by models of the inflationary big
bang #Fig. 11$. Another important test for the inflation-
ary big bang theory is the Gaussian distribution of the
primordial temperature fluctuations. Our COBE DMR
data found no evidence for deviations from a Gaussian
distribution #Smoot et al., 1994$ as have all the experi-
ments that have followed thus far.
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!CDM

A. The suborbital CMB experiments

The CMB anisotropy is the most important cosmo-
logical observable to date, so many more ground-based
and balloon-borne CMB experiments followed the

COBE mission in 1990s #Smoot et al., 1997$. While some
experiments focused on large angular scales at fre-
quency bands not used in the COBE DMR, most of the
projects worked on the smaller angular scales which
were not explored by the COBE DMR. These small an-
gular scale experiments put very tight constraints on cos-
mological models. Results from some representative ex-
periments on the angular power spectrum are presented
in Fig. 12. Supernovae observations startled the cosmol-
ogy community with the discovery of accelerated expan-
sion of space #Riess et al., 1998; Perlmutter et al., 1999$.
This brought back the cosmological constant to the Ein-
stein equations, introduced originally with different mo-
tivation and then discarded soon after. Observations
other than the CMB experiments including galaxy sur-
veys have provided valuable information and allowed
cross checks with the results from the CMB experi-
ments. Some recent results of suborbital experiments

FIG. 10. #Color$ The breakdown of the CMB sky map pro-
duced by COBE DMR #http://lambda.gsfc.nasa.gov/product/
cobe/$, monopole #top$, dipole #middle$, and multipole #bot-
tom$. At T"3 K level #top$, we have uniform radiation from
every direction. When the sensitivity is changed to "mK level,
the dipole pattern shows up, which is due to the peculiar mo-
tion of our solar system relative to the CMB rest frame. As the
scale is refined to !T"10 "K, after removal of the dipole, the
multipole features of anisotropy become evident. These very
tiny fluctuations give us information about the early universe.
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Figure 1: Temperature fluctuations measured in the CMB radiation using COBE-WMAP-Planck satellites (Aghanim et al., 2018;
Gold & et. al., 2011).

Because there is no reason to prefer a Universe with a critical density, hence | ⌦� 1 | should not necessarily be exactly zero.
Consequently, at early times | ⌦� 1 | has to be fine-tuned extremely close to zero to reach its actual observed value.

Horizon problem

The horizon problem is one of the most important problems in the Big Bang model, as it refers to the communication
between di↵erent regions of the Universe. Bearing in mind the existence of the Big Bang, the age of the Universe is a finite
quantity and hence even light should have only traveled a finite distance by all this time.

According to the standard cosmology, photons decoupled from the rest of the components at temperatures about Tdec ⇡
0.3 eV at redshift zdec ⇡ 1100 (decoupling time), from this time on photons free-streamed and traveled basically uninterrupted
until reaching us, giving rise to the region known as the Observable Universe. This spherical surface, at which the decoupling
process occurred, is called the surface of the last scattering. The primordial photons are responsible for the CMB radiation
observed today, then looking at its fluctuations is analogous of taking a picture of the universe at that time (tdec ⇡ 380, 000
years old), see Figure 1.

Figure 1 shows light seen in all directions of the sky, these photons randomly distributed have nearly the same temper-
ature T0 = 2.7255 K plus small fluctuations (about one part in one hundred thousand) (Aghanim et al., 2018). As we have
already pointed out, being at the same temperature is a property of thermal equilibrium. Observations are, therefore, easily
explained if di↵erent regions of the sky had been able to interact and moved towards thermal equilibrium. In other words,
the isotropy observed in the CMB might imply that the radiation was homogeneous and isotropic within regions located on
the last scattering surface. Oddly, the comoving horizon right before photons decoupled was significantly smaller than the
corresponding horizon observed today. This means that photons coming from regions of the sky separated by more than the
horizon scale at last scattering, typically about 2�, would not have been able to interact and established thermal equilibrium
before decoupling. A simple calculation displays that at decoupling time, the comoving horizon was 90 h

�1 Mpc and would
be stretched up to 2998 h

�1 Mpc at present. Then, the volume ratio provides that the microwave background should have
consisted of about ⇠ 105 causally disconnected regions (McCoy, 2015). Therefore, the Big Bang model by itself does not
explain why temperatures seen in opposite directions of the sky are so accurately the same; the homogeneity must had been
part of the initial conditions?

On the other hand, the microwave background is not perfectly isotropic, but instead exhibits small fluctuations as de-
tected initially by the Cosmic Background Explorer satellite (COBE) (Smoot & et. al., 1992) and then, with improved
measurements, by the Wilkinson Microwave Anisotropy Probe (WMAP) (Hinshaw & et. al., 2009; Larson & et. al., 2011)
and nowadays with the Planck satellite (Aghanim et al., 2018). These tiny irregularities are thought to be the ‘seeds’ that
grew up until becoming the structure nowadays observed in the Universe.

Monopole problem

Following the line to find out the simplest theory to describe the Universe, several models in particle physics were sug-
gested to unified three out of the four forces presented in the Standard Model of Particle Physics (SM): strong force, described
by the group SU(3), weak force, and electromagnetic force, with an associated group SU(2)⌦U(1). These classes of theories
are called Grand Unified Theories (GUT) (Georgi & Glashow, 1974). An important point to mention in favor of GUT is that
they are the only ones that predict the equality electron-proton charge magnitude. Also, there are good reasons to believe
the origin of baryon asymmetry might have been generated on the GUT (Kolb & Turner, 1983).

These kinds of theories assert that in the early stages of the Universe (t ⇠ 10�43 sec), at highly extreme temperatures
(TGUT ⇠ 1032 K), existed a unified or symmetric phase described by a group G. As the Universe temperature dropped
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θ ∼ λ ∼ π/ℓ = 180o/ℓ

https://chrisnorth.github.io/
planckapps/Simulator/#

1-degree scale imprinted in CMB map
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Photons Diffusion
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Initial Conditions Matter content Geometry

PR =
k3

2π2
AS ( k

kp )
ns−1

PARAMETERS FROM CMB: PRIMORDIAL POWER SPECTRUM

• Scalar power spectrum Cl essentially e�2⌧
PR(k) at k ⇡ l/dA processed by

acoustic physics

– Inflation predicts almost scale-invariant power-law PR(k) = As(k/k0)
ns�1

– CMB probes scales 5Mpc < k�1 < 5000Mpc

• Tensor power spectra sensitive to e�2⌧
Ph(k)
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Cosmological Parameters
ΩB ΩMAS ns H0

Initial Conditions Matter content Geometry

ACOUSTIC PEAK HEIGHTS: BARYON DENSITY

• Peak spacing fixed by rs(⌦mh2,⌦bh
2
) and angular diameter distance dA

– ⇥0 oscillates with midpoint ⇡ �(1 + R) so ⇥0 +  (S-W source) oscillates
around �R 

– Increasing ⌦bh
2 (hence R) boosts compressional peaks (1, 3 etc. for adiabatic)

and reduces rs

• Current constraint from Planck alone: ⌦bh
2
= 0.02207± 0.00027 (i.e. to 1%)
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Initial Conditions Matter content Geometry
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CMB Degeneracies
ACOUSTIC-SCALE DEGENERACY IN LCDM MODELS II

• Along degeneracy direction, other parameters vary to try and maintain morphology
of peaks
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