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cosmxc BACKGROUND_RADIATION*

Predlctlon .
In 12§h. Tolman studied the behav1or of radlation in an ex-
’ panding universe. At the time, the calculation was a theoretlcal,
- onej there was no real reason to suspect that a radlatlon field
filled the universe. The result of this calculation was that.,
"glven an initial blackbody spectrum of temperature ‘T, at epoch té.
then there will exist a blackbody spectrum of temperature Tl at
time tl, such that R
Ty =T, R(to)/R(tl)t

R where'R(t)'is the scale factor of thevexpansion. We can understand

_thls result in a heurlstlc way by the follow1ng argument, 81m11ar to

- one used in studylng the thermodynamlcs of 1dea1 gasess Imaglne a

‘ cavity with perfectly reflecting walls. Let the size be much less

“than the size of the vis1ble universe (i.e. << cH™ l). ’Then, if we E , .iﬁ
' allpw the box to expand, without creatlng or,destroying any~§hotons,‘ : ‘
we find that the photon gas must cool. This can be thought of as |

'__the'result of doing work ih’expauding the box. Another way to

think of.it is that, in a perfectly'reflecting cevify, the radia- 7 f

tion field can be expressed as made up of a superposition of normal

~ modes, where each mode has an integral uumber of waveiengths in

:,the box. But as the box expands, AS€) < R&) o Lo (é) for each
-mode n. Since Planck's formula for a photon gas‘says that the num-

ber‘of -p‘h‘o‘tons per mode isk.tgiv‘en':byr: 77;_ @/J L/,', /,e7: y ) f'/ |
| theu the temperature must decrease lihearly with the frequency, and

- ¥Much of these notes has been unabashedly lifted from two excellent,
. and hlghly complementary sources, Gravitation and Cosmologx, S.
Weinberg. and Physical Cosmology, P. J E, Peebles.
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- hénce. as the}scale factor of the expansion.
: Based on this theoretical.background. Gamowfahd Alpher, in

;1948. studied th problem of the production of the elements. There
v‘are a number of reasons why their analysis was wrdng.. However, the
}thought processes are intereétihg. and worth reviewing. Bésides,
they got the right answer., Some earlier treatments of .the prob-
“lem had been.made, assuming that element formation took"place in

a static, equilibrium situation at some hot stage of .the universe.

With the current view of a continually expanding universe, Gamow
‘and‘Alpher decided io attack the problem again. Tﬁey suggested that,
at high temperatures, only free neutrons, protqns._and electrons :
could exist. The key factor in building up the heavy elements is

the formation of deutérium; according to the reaction. |

- n+p=-» d+ ¥ | |
However, at high temperatures, the reversevréaction.(photodissoéiation)
breaks up éil‘the deuterium, At about 109 K, deutefium can begin to
accumulafe.} Gaﬁow argugd that at around this tempefature. there
must}be an appreciable chance of n's.and p's cblliding, so that the
reaction could take place. Not too great, however, because we still
- want theﬂunivefse'to consist mainiy of atomic hydrogen. The calcu-
lation they.wéht through was somewhat like setting
o S onvt ~ 1

where: & is the neutron proton cross section, v, théhméan thermal
velocity, t, the time available at that temperature, aﬁd'n, the
density, all to be determined at the time when T » 10° K. Since
| .radiation energy density varies as R(t)-u; it dominates the matter
lfﬁéhergy density, which goes as R(t)"J at early times. Thus, the
dynamics of the expansion can be found from the temperatufe of the

radiation alone, and knowing O and v, n was calculated to be -

8 1018 nucleons cm™2. By the time n gets down to %lO-§ cm‘3.
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roughly theéurrent density. T = 10 K. Alpher and Herman refined

the ealculatlon. and»got T = 5 K."Problems with this argument in-
clude the objection that element”building stops at the mass 5 gap
| above helium in éimple expanding universe models,;and‘that the

neutron-protoh ratio was probably only about 0.2 at the proper time.

With the explanation of element formation as part of stellar evo-

4>.1ution, this 1iﬁe'ofvargumeht was dropped, and‘the'idea‘pf‘a”pri-:
"meval fireball neglected until the early- 1960 S. :‘A

.. In 1964 chke was concerned wlth the 81ngularity at which
all the mass energy-of the unlverse orlglnated, and at whlch the

‘“expans1on began. He preferred to relegate the origin of mass energy
.to an earller phase of the universe, whlch then goes through suc-

Ace381ve oscillations. However, in order to destroy the .heavy ele-

ments from the previous oscillation, he needed a hot phaseg‘of the - f

euniverse, around lOlOK. " The fireball was reborn.

: Disceverx- o

" At the Holmdel, N.J. laborafo:ies of Bell Tel, Penzias and
.Wilson constructed a large hern antenna (Fig. 1) deSiéﬁed to re=-
ceive signels from the Echo satel}ite. at a wavelength of 7.5 cm,
They were trying to track down all possible contributions to the
system noise, and were unable to account.for about 3.5 K. The
group at Princeton had already begun the search for. the remnant of
the fireball, and realized the significance of the Penzias and Wilson
result;. They visited the Holmde; labs, and in 1965, published
companioﬁ papers, the firet entitled "A Measurement of the Excess
Antenna Temperature at 4080 MHz", and thefsecohd an explanatory one
by Dicke, Peebles, Roll and Wilkinson. But was this excess radia-
tion truly the remnant ef a primeval fireball? A few critical ex-

periments had to be done.
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‘ Spectrum | _ _ ; }
| The first crucial test was to determine that the radiation

- followed the predicted Planck spectrum

T(0) = 20y (AT !

For hv .| . this reduces to the form
kT | ']:(v) ~ 2J<1‘\zz

This is the same as the definltlon of antenna temperature for )
‘ radio astronomy, so that in the long wavelengthv(Raylelgh-Jeans)

part of the Spectrum, the conflrmatlon of the blackbody nature of

. the background T2 reduced to measurlng a constant antenna tem-

" _perature as avfunctlon of wavelength. ied, ® 3 K.'AInMF;g. 2 is
, plotted the intensity vs.}freouency.for blackbody radiation,of |
’different temperatures;‘ Invthe’region spanned by a 3 K black-4
body, the antenna temperature from other sources of radiatlon is
plotted in Fig. 3. | ¥ ,'l-. = e
 The first Prlnceton experiment was de31gned to work at a

AWavelength of 3 2 cm, and thus soon provlded an 1ndependent con=-
firmatlon of the Penzias and wllson result. Today; the black~f |
body nature of the spectrum has been well established at wavelengths
3 longer than that of peak 1nten31ty o : IR
o Dy = 0.51 7,7%, which ~ 0.19 cm at 2.7 K.
Tabledllgives a list of ‘a‘:number of detérminations_of the‘thermo-
dynamic (as Opposed to antenna) temperatureS'of the background n
radiation.. Most of the long wavelength results came from ground-
based’radiometers.’ Below about 3 cm wavelength. the antenna tem—
perature drops exponentially (Wlen region), and the emission from
the earth's atmosphere becomes a major source of difficulty. The
~ experiments are then often done at mountain altitudes, and in "win-

dows" of the atmosphere at 0.9 and & 0.3 cm. Shortward of that,
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K however. either balloons or rockets must be used. }
~In 19#1. McKellar discovered that absorption lines in the
"cyanogen radical in the directlon of Zeta Ophiuci came from both

. the ground state and the flrst exclted rotat10na1 state. He could.

not rule out the possibility that colllslonal or pumplng.mechanisms.

for example. were responsible for the excitation. So he quoted a

. value of T® 2 3 K for the equivalent blackbody temperature which

“would produce the excitation observed. ‘in the absence of other pro-
cesses. This result applled at a wavelnngth of 2.6 mm, It was not
until after the masurements of the bsckgroundvat 7,5,and 3.2 cm
’-thatmthe significance of this measurement was realized. Further
theoretical work dismissed all other possible rotational excitation
mechanisms. In'addition,pdata ffom a number of stars have all given
' resslts between 2.7 and 3.7 K. It is unlikely that local excitation
mechanisms would be so uniform. CH and CH* have also been used to
- get limits on the backgfound temperafure at wavelengths.of 1.32,
0.56, and 6.36 mme | |

. There are some problems With the ihfrared rocket temperafufe
determinations_being too high, but there are many observational
~difficulties, as well as the possibility of line emigsion in this

region. Pursuit of this subject is left to the reader.

: Observing fhe 3 K Backggound | | |

A picture-of some of the early apparatus used at Princeton is
shown in Fig. 4. In most other radio astronomical.observations,
we observe both the unknown source, and a reference in the sky, and
subtract them to remove systematic effects. This is true in spec=~
troscopy, where the off-of-line regions of the Spectrom. and off-

source gspectra are used to determine the instrumental baseline.
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This is also true of single dish‘measurements of continuum sources,
where observations are taken on and off theASOurcé'té»determine,its
~ flux. Interferometry, by its very‘hature;‘is sensitive to différences
in brightness owver ceftain Spatial.scéles. However, with such a
broad spectrum, if the blackbody were indeed universal, then there
is noAastromical "off". It was thus the task of the observers to
~account extremely carefully for all systémétic effects in their
. inst:ruments.. ‘ |

.. .The, basic procedure used was switching fapidly between a
known and reference sdurce, a technique developed by Dicke in 1945,
" and in cdmmon'uSe today. The reference source in this case was a
dewar of liquid helium, at 4.2 K. What was tﬁen meésured was the
difference between the sky temperature‘and b,2 K. - A block diagram
~of an early system is shown in Fig. 5. . ;

It is an interesting point to realize that the size of the
antenna does not affect the sensifivity of these measurements.,
This‘is always'true, as long as the source of radiation is much
larger than the beam size. Increasiﬁg the aperture size merely in~-
creases the forward gain, or directivity of the antenna, not the
~~ total power received. In facf,»small aperture antennas were used
to degrade the respnse to 1ocalized_sour¢es of radio flux, as well
as to make the apparatus more manageable. A great deal of effort
went into the design of the antennae, waveguides, switches, aﬁd‘
cold loads in these expefiments, and details can be found in the
references. At afound 1l cm, the biggest cbntributidns to the
atmospheric'temperature are from water vapor and oxygen. The atmos-
pheric contribution is subtracted out by tipping the antenna away.
from the zenith. and subtracting out the obsefved dependence on
the éecant of the zenith angle. The res}dual is the desired back=~

ground temperature (hopefully).
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' Large Scale Isot__gx |

Another important test of the cosmic nature of the background
radlationvls 1tsaisotropy.‘ Even as the galaxies recede from us in
any direction we look, so should we see the redshifted fireball'to
»‘bé the same in all direotions. The ‘results of observatlons were

that the radlatlon was amazlngly 1sotrop1c. - ' _
" Ideally, these observatlons are much ea81er to do than the
‘ absolute measure ments because they measure only the dlfference
betwoen the radlation from different parts of the sky. Flg. 6
shows one of the instruments used to measure this isotropy. How-
vf eVer. at some level, we expect to see an anisotropy from our |
peculiar motion through“the‘universe; that is, our departure from
the general Hubble expansion. By using the Lorentz“transformation,
it can be shown that an'observer moving with a speed v with reSpecf
to the frame of blackbody radiation sees a blackbody spectrum desw
- cribed by' . _ o _
- T©) =T (l-' vz/cz)% (l-v/o co.se)flh.
i .- _ - 8P (1 + v/ccos®@) , v/e<e<l,
where 69 'is the angle between the. velocity vector and. the dlrectlon
of observation. Table 2 shows some of the posslble contributions
to our peculiar velocity, where the positive xééxis is defined by _
x=d = O_ » and the +y axis by o(=63<7=a & represents the fractional
deviation from the'Hubble.flow because of the influence .of the Virgo
cluster. At any pate, the expected amplitude of the variation across
the sky is of order _
v/e =~ 200 km sec™1/3x105 km sec™l 1073,
or a few millidegrees Kelvin., This very amall temperature is what
makes the measurements so difficult, Earth-basedvobservations often
take pléco'for over a year, in order to geparate solar and sidereal

effects. Balloon experiments, on the other hand, fly only at night,
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and  therefore cannot see the full 24 hr cosine behaviior, in a single

flight.

To date, pecullar velocltles through the radiation fleid have
indeed been observed. but the results. on the order of a few hundred
km sec 1; are hlghly uncertain. The ma jor uncerta1nty in these
measurements is the subtractlon of the Galaxy s contrlbutlon to the
observed anlsotrOpy. Recently, as the culmlnatlon of years of work
by Rubln. Roberts, and their collaborators, a pecullar veloclty has
been detected frmnobservatlons of the redshlfts of galaxies. Dis-
crepancles between these measurements. and the lateest background

radlatlon veloeltles remain to be resolved.

’Small Scale Isot gx

. Measurements of 1sotr0py on small angular scales help to rule
out a more local orloln for the radlatlon, from a large number-of
small sources. Qr,lt can. place 11m1ts on the irregulamtles on the
' dlstrlbutlon of matter at the tlme of last scatterlng, when hydro~ ,
gen recomblnatlon took p&ace at(a redshift of = 1500, The early |

\

results of Conklin and Bracewell, ‘that

SF , 5 ,.-3 e .
— %10
=& z2xp0?

where 'F,is tbe;purported flux from discrese sourCesrin an angular
scale of 10 arc minutes. If.the sources are close by (within rch:l)
then the, required source densxty to give a smoocth dlstrlbutlon 1s ,
| > 3000 h3 Mpe ~3, H |
 where Ho = 100h km sec lMpc 1 and the mean distance between sources is
| ngY3 & 70 n°L kpe, o -
which is about 5vorders of magnitude greater than’the number den-

sity of large galaxies, and the mean separation an order of magni-

‘tude less than our distance to Andromeda. 1In addition, the sources
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111.aqu be raﬁqomiy dietriboted; Whereas. in the distribution of
‘VgalaXies. we see clustering and anistropies on scales less than

| 10 Mpc, as well as SOme'evidence-fOr'superclustering on:;arger scaies.
 However, we see only optical'objecte'out to & redshiftiof.aboﬁf 4,‘ |
- and'the constrainfs'would'be relaxed somewhat if the sources of f*'
| the radiation were all at redshlfts z;>1o. ‘However, the limits‘
on the small scale 1sotropy are constantly belng 1owered. and
coverlng a broader range of angular scales. For a recent dlscu581on
by a proponent of discrete sources, see the artlcle by . Rowan- Roblnson 1

glven in the references.

;Qplications of the Primeval Fireball

I merely list here some of the proposed effects due to the
background radiation. See the references for diéoussions of any
of these. | | |

1) Most important, perhaps, the thermal history of the universe,
includlng the determination of the entropy per nucleon, is crucial to
" the formation of primeval helium and deuterium. This field has re=-
ceived great attention, and is still a subject of much debate,

2) Formation of the soft,X-ray background by 1nverse-Compton
scattering by relativistic electrons has been suggested.

: 3) Interaction with high-energy cosmic rays has been considered
for its implications of the N(E) dlstrlbutlon.. and the origin of
cosmic rays in general. ,

L) Detailed measurements of the spectrum may help probe
. the departures from the simple isotropic and equlllbrlum picture
. studied so far. Fluctuations in the spectrum and in the background
may contribute to our understanding of the growth of irregularities
in the universe, and the formation of galaxies.,
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HORN ANTENNA of the Bell Telephone Laboratories réceiver at
Holmdel, NJ, was originally desigued to collect signals reflected ., -
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from Echo satellites. This was the antenna with which

Penzias and Robert W. Wilson first detected the ﬁn-iull" L
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PRINCETON CROUP'S first firchall observations were made w:th
un earlier verrion of the radiometer, here shown in position on the

touof of the geology building. The slanted panels aroand the bouex
are wiremesh screens that help to keep out ground eadistive
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'gvttl3ﬂ‘.\"l‘ with which the pt:'im;va] fireball is observed at
s wetsn University is 2 recent version of the Dicke radiometer,
" o tete brom above. The anienna borns extend to the left and

« .

-right and are directed upward to collect sky radiation: a switch, :

microwave recciver and amplifier are at the center. The justrument
is operated both ‘in this configuration and as illustrated below.

e el

-

‘."3{1]‘3 : N . . .
.o "; ‘l.\ veen in a side view with one of the hoens in
.y ¢ive radiation from llxe.aky. Tln:: other horn of the
- il ‘;:uplcql to a wuve guide leuding to a refercuce
urange Dewur flask. The souree is imniersed in

.
boiling liquid helium and is therefore known to he radinting at
4.2 degrees Kelvin (degrees centigrade uhove absolute zero). The
receiver input is switched backh and forth hetween sky anteans
und telerence soucce and the intennitics of the two sre compured.
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'RADIO - " MICROWAVE INFRARED VIS!BLE ULTRAV!OLET X RAY
; FREQUENCY (CYCLES PER SECOND) :
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T WAVELENGTH (CEN"HMEFERS)

RELATIVE INTENSITY

g ~“BLACK BODY” SOURCES of thermal radiation emit across a broad spectrum, the inten.
* sity of the radiation varying with wa.elength as shown here for several sources. The shape of

" . the curve persists as its position changes according to the temperature of the source. The top -
- curve is for the fireball radiation billions of years ago, the bottom one for tlie radiation now.

.. COSMIC BACKGROUND RADIATION ~ . 293

o)

f';;. ATMOSPHERE . o /,'
o 100} FOR ' /
i \waer vapor <2553 ;
' e -
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Fi1a. 2. The spectra of two sources of sky radiation which compete with the cosmic micro-
wave hackground. Autenna temperature is tho thermodynamie temperature of an extended
blackbady source which would give an autenna power equal to that being received.
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TABLE V-2

e *"""o' T
Table 15.1 Summary of Measurements of the Background Radmhon Flux at
Microwave and Far-Infrarcd Wavelengths. ”
(The temperatures listed are those for which black-body radmtnon would nge
the observed flux at the indicated wavelength.) S
. J.(cm} , Method Reference T,4) (°K)
735 Ground-based radiometer a 3.7 .;t 1.2 J
492 Ground-based radiometer a 37 +12 .
- 210 Ground-based radiometer - b- “32 £10 .
R T 00,9 Ground-based radiometer c ‘28 + 0.6 . i
- g as 7.35 Ground-based radiometer T d "85 10 N i
B A vt c 8.2 Ground-based radiometer e 30 05 - o
I Rant R X * Ground-based radiometer £ . 2.69{"' g';: T
- eeeomes si:0i-188 - Ground-based radiometer £ . oaagt g’;:
L TTTTTU U180 Ground-based radiometer g . 20 £08 .
... 0824  Ground-based radiometer - h © 316 +02 .
T e i 0856 Groupd-based' radiometer . T 2.56{ " g;; B ', .
o N . 082 °  Ground-based radiometer . j .- 29 £07 -
' w - - 0358 - Ground-based radiometer ¥ 24 %07 ¢
\b . 033 Groundobasedradlometer 'k'b 'f2.46 * gﬁ . o )
o R " 033 Ground-based radiometer ¥ 2e1%028 :
S ... CNW=1J=0) 1 =23 -
- 322+015coph
NG =T =0 L™ 30 + 0.6 {Per
CNW = Y = 0) L« -m- 375+ 050
- - CNWJ=1J=0)" o ;_}5282 ‘
L ONWJ =2 =1) n e <70
o CN(J = 2/J = 1) o . <4.74
) \ . CH ' PN S <66 _ S
. o039 . CH* e <8Il e
. 0.04-0.13  Rocket-borne IR telescope P . 83 13
. .>005  Balloon-borne IR radiometer q [_zss 5570 . . .
- . 0.6-0.008  Rocket-borne IR radiometer ~ r 31 {+°‘5 e
g - . : e [H04
. 01810 Balloon-borne IR radiometer 8 2.7 0.2
e 70,1310 Balloon-borne IR radiometer - 8 28 + 0.2
0.09-1.0 Balloon-borne IR radiometer s = = 27
0.054-1.0 Balloon-borne IR radiometer s < 34

POSSIBLE CONTRIBUTIONS TO OUR PECULIAR VELOCITY*

\V' Vx Yy v,

(Y Rotation (8 =250) 123 -113 186

R ToM31,v=90 67 12 59
To Virgo, v = 1000¢ ~970¢ " —120¢ 220

. #*ypit = km sec™!
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