MLSC

1. Second midterm solutions posted on the class website.

2. Homework 5 will be distributed on Friday (it will be due next
Friday in class)

3. Homework 4 solutions and answers will be posted on the
class website shortly.

4. Today, we are covering material of S 26-4, 26-5 (Ch. 26)



Conseguences of
the hot BlLg Bang:

Cosmic microwave background

DMR 53 GHz Maps

I = g.728 K



The flrst 3 minutes

In the first three minutes the temperature of primordial
plasma was hotter than the temperature in the center of the
Sun, and conditions existed for hydrogen fusion similar to
the thermonuclear fusion in the centers of stars.
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The relic sea of photons:
Cosmic Microwave Background
(or CMB)

d When matter is hot and dense, it radiates energy with the
black body spectrum, this is the basic and general prediction
of qguantum mechanics.

At some point Universe becomes sufficiently cold and not
as dense, so that light does not interact with matter (atoms)
and can propagate freely, just redshifting its wavelength due

to expansion of space.



PR STY

Existence of such relic radiation
Ls a generic prediction of the Blg Bang
models, and IT EXISTS!
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Yakov Zeldovich

George Gamow Robert Dicke

Gamow, Alpher and Hermann predicted low-temperature (~10K) relic
radiation from the Big Bang (the term coined by Gamow) in 1948. Prediction
for the temperature was later refined by Alpher and Hermann to ~5K.

The prediction was rediscovered in early 1960s by Jim Peebles and Robert
Dicke in Princeton, and by Yakov Zeldovich and colleagues in Moscow



The radiation was accldew‘caLLg
detected tn 1964
bg Arno Penzias and Robert Wilsown

Penzias and Wilson and the antenna with which they discovered CMB
in Holmdel, New Jersey



CIICTRE W LIl TRoe B 10D BT DUAEATL O CATRREIRaLl & TTRL LRCT ELIIL EL LG PATCSULITRCed Lop L 20 Wila=
tional radiation {Wheeler 1958).

One other possibility for closing the universe, with matter providing the energy con-
tent of the universe, iz the assumption that the universe contains a net electron-type
neutrino abundance (in excess of antineutrines) 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, Howewver, the required ratio of lepton to baryon
number must be = 10¥,

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.

E. H. Dicke
P.]. E. PEEBLES
P. G. RoLn
D, T, Winkmsor
May 7, 1965
Paruer Pavsical LABORATORY
Priyceron, NEW JERSEY
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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



wavelehging, 1n1s Was eXpecicd on ine Dasls of ThE NON-pecullar & — 0, & — F Colors,
The spectrum of BSO 8 (called “BS0 105" by Sandage 1965 on an older numbering sys-
tem) 1s continuous with no prominent absorption or emission lines. BSO 1 has a large
redshift of AN/N = 1.2410, as described elsewhere (Sandage 1965).

Table 1 lists the precise optical Ecsiticns of the first four interlopers, and estimated
positions, accurate to perhaps £+ 207, for the thirty-one survey objects. Where available,
the colors and magnitudes determined photoelectrically at the 200-inch are also shown.

These blue objects are undoubtedly of the same class as the faint objects in the cata-
logues of Iriarte and Chavira {1951'{ Chavira (1958), and Haro and Luyten (1962),
With the identification of most of these objects as intrinsically bright stellar-appearing
galaxies, these catalogues provide a large finding list that can be surveyed by radio tech-
niques to determine if the ()5G's are weak radio emitters, It is expected that such study
will shed light on the evolutionary process of radio decay after the intense ()55 radio
phase,
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COSMIC BLACK-BODY RADIATION*

One of the basic problems of cosmology is the singularity characteristic of the familiar
cosmological solutions of Einstein's field equations. Also puzzling is the presence of mat-
ter in excess over antimatter in the universe, for baryons and leptons are thought to be
conserved. Thus, in the framework of conventional theory we cannot understand the
origin of matter or of the universe. We can distinguish three main attempts to deal with
these problems,

1. The assumption of continuous creation (Bondi and Gold 1948; Hoyle 1948}, which
avoids the singularity by postulating a universe expanding for all time and a continuous
but slow creation of new matter in the universe.

2. The assumption (Wheeler 1964) that the creation of new matter is intimately re-
lated to the existence of the singularity, and that the resolution of both paradoxes may
be found in a proper quantum mechanical treatment of Einstein’s field equations.

3. The assumption that the singularity results from a mathematical over-idealization,

* This research was supported in part by the National Science Foundation and the Office of Maval
Research of the U5, Navy,



s the CM®B true black body radiation
as predicted by the Blng Bang theory?

The COBE Satellite

The situation was not entirely solid
until early 1990s when the

Cosmic Microwave Background
Explorer (COBE)

satellite was launched

and operated

COBE satellite had a number

of instruments and antennas
onboard designed to observe

at different frequencies to study
Infrared background, emission from
our Galaxy, spectrum of the CMB, as
well as its temperature in different
parts of the sky



s the CM®B true black body radiation.
as predicted by the Bing Bang theory?

Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE

S peCtru m THEORY AND OBSERVATION AGREE

of the CMB

radiation _

(intensity It is the best

black body
we know!

as a function
of frequency
or wavelength)
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Measured temperature of the CMB radiation: Th = 2.728+-0.004 K



s it Lsotropic as expected from the
cosmologLeal principle?

DMR 53 GHz Maps

I = g.728 K

Yes! To an amazing degree...



But LS Lt exa c’ctg ’Lsotrop’w?

redder is hotter (higher T)

bluer is colder (lower T) AT = 3.353 mK

No. There are deviations. The largest ones are due to emission of our own Galaxy
and due to its motion (so-called dipole anisotropy)



But LS Lt exa c’ch ’Lsotrop’w?

redder is hotter (higher T)

Emission from

The Milky Way — :;’ %

bluer is colder (lower T) AT = 18 uK

LUCKILY NOT! There are (expected) small anisotropies interpreted as primordial
fluctuations which seeded formation of structures in the Universe
(galaxies, clusters, etc... more on this later in the course)



M’LLIreg way emlssion cawn be modeled
anad removed

DMR's Two Year CMB Anisotropy Result




