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COSMIC BACKGROUND RADIATION

The Earth is bathed in an ocean of radiation in addition to that from

discrete sources in the sky. The radiation is of very low intensity; it is

. S : : o
equivalent to the radiation expected from a blackbody at about 3 K. But we,

and the known Universe, are "inside', that blackbody, it fills all space around
us.

The prediction of this cosmic blackbody radiation, and its subsequent dis-

iAcovery (or vice-versa) is one of the great milestones of cosmology.

‘ If we accept the current understanding of this radiation, then our obser-
vations give us a picture of the distant (and past) Universe - a look at the

time before there were stars, galaxies, clusters, quasars, or anything else we
now observe. '

It has been an exciting year in the study of the cosmic background. Its
fundamental characteristics have been laid out with gfeat certainty. It is
hoped that this cosmic laboratory will allow us to understand some of the history,
and thus the future of the Universe.
This lecture will deal with the prediction and discovery of the background,
_ its radiation spectrum, and its large and small-scale isotropy. Much of these notes
has been unabashedly lifted from two excellent, and highly complementafy sources -

Gravitation and Cosmology, S. Weinberg, and Physical Cosmology, P.J.E. Peebles.

I hope mostly to. give you a flavor for this field of study - you can takekit from

there. A short bibliography is given at the end of the notes. See me for more
detailed or current references. F-2 spscrguMtnfcosmu:BAcKGéouND ' '
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Prediction

In.193h, Tolman studied the behavior of radiation in an ex-
‘panding univerée. At the time, the calculation was a theoretical
ones there was ‘no real reason to suspect that a radlatlon field
.fllled the.unlverse. The result of thls calculatlon was that,
given an initial blackbody spectrum of temperature T, at epoch tg,
“then there will exiét a blackbody spectrum of temperature Tl at
':time fi, such fhat _ |

. R Ty = T R(t4)/R(t1),
where R(t) is the scéle factdr of the expansion. IWe can understand
this result in a heuristic way by the following érgument; similar to
one uséd in studying the thermodyhamics of idealvgases1 Imagine a
'cavity with perfectly reflecting Walls. Let the size be much less
than the size of'the visible universe'(i.e. <& cH“l). Theh, if we.
allow the'box fo eXpand. without creatihg or destroying any photbns,
~we find that‘the:photon gas @ust cool, ‘This can be thoﬁght of as
the result of doing work iﬁfexpanding the box;‘ Another way to

think of it is that, in a perfectly reflecting cavity, the radia-
~ tion field can be expreSsed.aé made up of a superposition of normal
_ ques. where,eéch mode has an integral number of waveléngths in |
the box., But as_fhe’ box expands, /\“') =< RE&E) O(Vn(é) for each
mode n. Since Planck's formula for a photon gas says that the num-

| ‘ber. of photons per mode is.given‘by'f»'??n\'f_ (a/_]!/n/,«T:_ /A) =/

then’the temperature must decrease lihearly with the frequency, and
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 hence, as the scale factor of the expansion.

Based on this theoretical background, Gamow and Alpher, in
1948, studied tb problem of the production of the elements. There
- are-a number of reasons.ﬁhy their analysis was wrong., ‘However. the
" thought processes are interestihg; and worth reviewing. Besides,
- they got the right-answer. Some earlier treatments of the prob-
lem had been made, essuming'that element.formation took place in
a static, equilibrium_sifuatioh at some hotvstagevof.the universe.
With the current Qiew of a continually expanding universe, Gamow
ahd,Alpher decided to.attack the problem again. They suggested that,
~at high temperatures, only free neutrons, protons. and electrons
could exist. The key factor in bulldlng up the heavy elements is
'the formatlon of deuterium, according to the reactlon

| n+p-> d+ ¥
However. at high temperatures, the reverse reactlon (photodlssoc1atlon)
breaks up all the deuterium. At about 109 K, deuterium can begin to
aocumulate. Gamow argued that at around this temperature, there
must be an appreciable chance of n's and‘p’e‘colliding, so that the
reaction cooldctake place. Not too great, however. because we still
want the universe to consist mainly of atomic hydrogen. The calcu-
lation they'went through was somewhat like setting
| Convit ~ 1
where:o’is'tﬁe neutron proton cross section, v, the mean thermal
velocity, t, the time available at that temperature, and n, the

E K. Since

density;,all to be determined at the time when T ~ 10
’ ,radiatioﬁ energy dehsity’varies as R(t)-u, it dominates the matter
'EEnergy density, which goes as R(t)~3 at early times. Thus, the
dynamics of the expanSion can be found from the temperatufe of thev
radiatlon alone, and know1ng G and v, n was calculated to bei'

8 10 nucleons cm 3 By the time n gets down to le é cm 3.
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roughly th?éurrent density, T » 10 K., Alpher and Herman refined

the calculation, 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 simple expanding universe models, and that the

neutron-proton ratio was probably only about 0.2 at the proper time,

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

lutibn. this line of argument was dropped, and the idea of a pri-
meval fireball neglected until the early 1960?3. ' i

..In 1964, Dicke was concerned with‘the singularity at which

'  < ; all the mass energy of the universe originated, and.at which the

"éxpansion began. He preferred to relegate the origin of mass enérgy

to an earlier phase of the universe, which then goes through suc-

~cessive oscillations. Hewever, in order to‘destrox the heavy ele-

ments from the previous oscillation, he néeded a hot phase. of the
10 | |

universe, around 107 K. The fireball’was reborn.

Discovery

At the Holmdel, N.J. laboratories of Bell Tel, Penzias and
Wilson constructed a large horn antenna (Fig. 1) designed to re-

ceive signals from_the Echo satellite, 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'fifeball. and realized the sigﬁificancevof the Penzias and Wilson
résult.'A Théy visited the Holmdel labs, and in 1965, published
companion papers, the firét entitled "A Measurement of the Excess

Antenna Temperature at 4080 MHz“. and the second an explanatory one

by Dicke, Peebles, Roll and Wilkinson. But was this excess radia-
"tion truly the remnant of a primeval firéball? ‘A few critical ex-

‘periments had to be done.

L4
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Spectrum

The first crucial test was to determine that thé rediation

- followed the predicted Planck spectrum

T = Zh‘/ ( hv/kT />-I'

For b\j <g| , this reduces to the form
KT TO) ~ 2kT V>
C—L
This is the same as the definition of antenna temperature for

rédio astronomy, so that in the long wavelength (Rayieigh—Jeans)
part of the spectrum, the confirmation of the blackbody nature of
the background ~uz reduced to measuring a constant antenng tem-
perature as a function of.waveiéngth, i;e.. # 3 K. In Fig. 2 is

plotted the intensity vs. frequency for blackbody radiation of

o d%fferent temperatures. In the region spanned by a 3 K black-

body, the antenna temperature from other sources of radiation is
plotted in Fig. 3. |

The first Princeton experiment was designed to work at a
wavelength of 3.2 cm, and thus soon provided an independent con-

firmation'of the Penzias and Wilson result. Today, the black-

body nature of the spectrum has been well established at wavelengths

longer than that of peak intensity

g = 0451 1,"1, which & 0.19 cm at 2.7 K.
Table 1l gives a list of a number of determinations of the thermo-
dynamic (as opposed to antenna) temperatures of the background
radiatién.. Most of the long waveiength results came from ground-
based radiometers. Below ébout 3 cm wavelength, the antenna tem-
perature drops exponentially (Wien region), and the emission from
the earth's atmosphere becomes a major source pf.difficulty. The
éxperimen%s are fhen often dohe at mountain altitudes, and in "win-

dows" of the atmosphere at 0.9 and & 0.3 cm. Shortward of that,



however, either ballcons or rockets must be used?

| In 1941, McKellar discovered that absorption lines in'the
‘eyanogen radicalvin the direction of Zeta Ophiuci came from both v
. the ground state and the first excited rotational state. He could
not rule out the possibility that collls1onal or pumplng mechanlsms;
for example, were respon31ble for the exc1tatlon. So he quoted a
value of T~ 2.3 K for the equmvalent blackbody temperature which
would produce the excitation observed, in the absence of other pro-
cesses., This result applied at a wavelmngth of 2.6 mm. It was not
‘Funtil after the masurements of the beckground at 7.5 and 3.2 cm
~ that the significance of this measurement was realized. Further
theoretical work dismissed all other poSsible rotational excitation
mechenisms; In addition, data from a number of stafs have all given
.results 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
»set limits on the background temperature at wavelengths of 1, 32,

56 and O 36 mm

All of this may have been superceded by a broadband spectral ‘meas'urement
over the top of the Planckian curve. This balloon experiment, by Woody and
Richards at Berkeley, shows a generally blackbody spectrum -—-- but at a level
about 15-20% tco hig%,‘ Keep tuned for further developments

5&5(@N6ﬁpagc

Observing the 3 K Background

A picture- of some of the early apparatus used at Princeton is
shown in Fig. 4; vIn>most other radio aetronomical observations,
we observe both the unkhown'source, and a reference in the eky. and
subtract them to remove systematic effects. This is true in spec-
troscopy, where the off-of-line regions of fhe spectrum, and off-

source spectra are used to determine the instrumental baseline.
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" This is alsc true of.single dish measurements of continuum scurces.
| where observations are»taken on and off the source to determine its ;
' flux. Interferometry, by its very nature, is sensitive to differences
1in brightness ower certain spatial scales. However, with'such a
broad spectrum, if the blackbody were indeed universal, then there
is no éstromical "off"., It was thus the task of the observers to
account extremely carefully for all systematic effects in their
inst ruments.

. .The. basic procedure used was switching rapidly between a
known and reference source, a technique developed by Dicke in 1945,
and in common use today. The reference source in this case was a
" dewar of liquid helium, at 4.2 K. What was then measured Was the
difference between the sky temperature and 4.2 K., A . block diagram
of an early system is shown in Fig. 5. -

It is an 1nterest1ng point to realize that the size of the

antenna does not affect the sensitivity of these measurements,
" This is always‘true, as long as the source of radiation is much
lafger than the beam size. Increasing the aperfure size merely in-
creases the forward gain, or directivity of the antenna, not the
total power received. In fact. small aperture‘antennas were used
to degrade the respnse to localized sources 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, and
cold loads in these experiments, and details can be found in the
references., At around 1 cm, the biggest contributions to the
atmospheric temperature are from weter vapor and oxygen. The atmos-
pheric contribution is subtracted out by tipping.the antenna away
from the zenith, and subtracting out the observed dependence on
the secant of the zenith angle. The residual is the desired back-

ground temperature (hopefully).
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Large Scale Isotropy

. Another imporfant fesf of the cosmic nature of the background
‘radiation is its isotropy. Even as the galaxies recede from us in
any direction we look, so should wé see the redshifted fireball to
be the same in all directions. ' The results of cbservations were
that the rédiation was amazingly'isotrdﬁic. |

‘ Ideally, these obsérvations are much easief to do than thé'
_absolute measure_ments because they measure only the difference
5etween the radiation from different pafts'of the sky. Fig. 6
~shows one}oflthe instruments used to measure this isotropy. How-
evef,jat some level; we expect to see-an anisotropy from our
.-'péculiar”motion through'the universe, that'is,-éur departure from
-the general Hubble expansion; By using the Lorentz trénsformation,
' it can Ee~sh0wnvthat an 6bserver moving with a sﬁeéd v with respect
to the frame of blackbody radiation sees a blackbody spectrum des-

cribed by' | v } S
o T(©) = T (1- v3/c2)® (1-v/e cos©)7L, .
© ® T (1 + v/c cos®) ,  v/c <<l,
where EB;is:the angle between the velbcity vector and the direction

of observation. Table 2 shows:some of the possible contributions

to our peculiar velocity, where fhepositive ifaxis is defined by
x=38 = 0O , and the +y axis by o<=é’;5=0. & represents the fractional
deviation from the Hubble flow because of thevinfluencevof the Virgo

cluster. LAt any‘rate. the expected amplitude of the variation across
the sky is of order | -

v/e ~ 200 km sec™1/3x10° km sec™l ~ 1077,

- or a few millidegrees Kelvin. This very amall temperature,is.what
makes the measurements so difficﬁlt. Earth~based.observations often
take piace for over a year, in order fo,separate solar énd sidereal

féffécts, Balloon experiments, on the othér hand, fly only at night,

~
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and therefofe cannot see the full 24 hr cosine behavior in a single flight.

This past year, a research group from Berkeley culminated a beautifully

| executed experiment with 10 flights in a U-2 former spy plane (see fig. 7).
Their results are striking - the cosine curve has been pinned down - at least
in the Northern hemisphere (see fig. 8). To the extent that other large scale '
anisotropies are not apparent, this experiment tells us thet the Universe is
expanding isotropically. It also puts limits on the rotation of the Universe.
This last is another crggal reéﬁlt<~ Mgch's principle tells us that the distant
" matter of the Universe determines the non-rotating frame of reference. If

Mach's principle is valid, then no universal totation can be observed.

Perhaps most exciting, however, is that, after.Correcting for the effecﬁs
in Table 2 (and Fig. 9A), our velocity is about 600 km/s with respect to the
Universe. But it is not just us - it is our whole heighborhood, including the
Virgo cluster which is partaking in this "peéuliar" motion - a deviation from
the Hubblé f ow. But what is really perplexing is that measurements by Rubin
and Ford of a sample of spiral galaxies up to about 30 Mpc away show a different
moﬁion with respect to the Earth. A geometrical interpretation of these obser-
Avétions is shown in Fig.9(B). These peculiar motions, if extrapolated back in time,
have us moving with a velocity near the speed of light, ﬁith respect to the rest
of the Universe. Alternatively, these motions>¢ould arige from some local turbulence
(see the small-scale anisotropy discussion below). Aiternatively, the whoie inter-

pretation could be wrong. Its an ekciting problem. Watch this space.....

Small-Scale Isotropy

Measurements ofvisotrOpy'on small angular scales help to rule out a more local
origin from the background radiation, such as from a large number of small sources.
A Or, they can be used to place limits on the irregularities on the distribution of
matter at the time of last scattering. This is usually assumed to be at the-era of
~decoupling ( around z=1500 or so), when hydrogen recombiniation thk place.

~ Results from a recent experiment of mine, done at 2 cm on the 140' telescope, show

that | AT« 230"

If we identify al as arising from the statistical fluctuations in the number of

‘sources per beam, then the density required to give as smooth a distribution as

<

observed is ‘ (\5 z [O‘r t\q chu
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~where Hy= 100 h km/sec / lipc, and the mean <istance between sources

. ’z

. : WA .
is S n.é»v('g/cm«;ig(,

(8D

which is about 5 orders.of:magniﬁude.greater than the number
density of large galaxies, and the mean separation an order of
magnitude less than our distance to Andromeda. In addition, the
sources must be randpmly distribﬁted to high precision. In the
distribution of galaxies, however, we see clustering and aniso-
tropies on scales less than 10 Mpc, with some evidence for super-
clusterihg on larger scales as well. However, we only see optical
objects out tova redshift around 4, and these constraints would
be somewhat relaxed if the discrete sources were all at z 10,

If we fhen look to models of the formation of ‘galaxies and
‘clusters, we find that they rely on turbulence early in the
Universe. The amount of this turbulence, and its effect on the
background radiation, 1is dependent on the meah mass density in the
Universe. No small scole isotropy has yet been observed. This
implies that there és at least 1/10 the mass needed to "close"
the Universe around in some form (see Fig. 10). This is more mass

than many optical workers think exists - another puzzle to be ...
(%56%1 7%%?,/7 §Z4nszég'7@L&uazﬁg/’/2yﬁ%ﬁ4 Cﬁﬂvnﬂbﬂf%.)

Other Effects and Imvlications of the Primeval Fireball

Below I simply list some other consequences of the backzround

radiation. See the references for details.

. 1) Most important, perhaps, the thermal history of the universe,
including 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 inverse-Compton
scattering by relativistic electrons has been suggested.
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o 3) Interaction with high—enefgy cosmic rays has been considered
“for its implications of the N(E) distribution: , and the origin of
“cosmic rays in general. » .

|
i
t
i

"2 4) Detailed measurements of the spectrum may help probe

‘the departures from the simple isotropic and equilibrium 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.

. . 5} "Cold spots” in the directions of rich clusters of_galakies.
.- This arises from inverse-Compton scattering of the background radia-

tion by hot gas in the clusters. It offers a probe of the tempera-
ture and density content and distribution of the gas which is also

glving off X-rays. . SCopG UP! Tre

St ReFERENCES [ Cosmié Bdikgroumd Expore
L | C[COBE] — 528 G-l
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| 4
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Recent review - IAU Sympos. #63, section III.
Books mentioned at beginning by Weinberg and Peebles.

Latest - Sci. Am.,/vay,/778 (isotropy).
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Table 15.1 Summary of Mcasurcments of the Background Radiation Flux at
Microwave and Far-Infrared Wavelengths., :

‘ (The temperatures listed arc those for which black- body radxatxon would nge
", the observed flux at the indicated v.o.velength )

p (cm) . "~ Method ) Reference = T, (°K)
3.5 Ground-based radiometer a 3.7 + 1.2
49.2 Ground-based radiometer a 3.7 + 1.2
210 - Ground-based radiometer - b - 32 +10
} 20.7 -~ Ground-based radiometer c 28 + 0.6 -
7.35 - Ground-based radiometer d 3.5 + 1.0
32 Ground-based radiometer e - 3.0 + 05 :
B j‘."3 2 . Ground-based radiometer f . 2.69{+ g;: N
”1.58 ._'_Ground-based radiometer £ . 21" g';: o
. A A,,' = - A N N . - . . N 13
150 ' Ground-based radiometer - .20 %08 ”
S 10.92¢  Ground-based radiometer 'h 316 + 0.26
- o o 0.856  Ground-based rediometer - i : 2.56{+- g;; -
- N - 0.82 Ground-based radiometer i 29 £07
. w - 0.358 'vGround-.based radiometer S 24 + 0.7 .-
3 » \§ A. _ 0.33  ° Ground-based ratiiometerv k ' 2 46{+ gi:
L }Q 033 Ground-based radiometer K 261 %025
S 0263 - ON(J = 1/J = 0) 1 ~2.3 .
‘ - . 3.22 + 0.15 { Oph
.263 . J = =0 :
o263 o MU= =0- b 3.0 + 0.6 { Per
0.263 CNW=1J=0 . .n 3.75 + 0.50
0263 - ON(J =1jJ =0) o <282
- 0.132 < CN(J = 2/J = 1) n <70
© 0132 . CN(J=2J=1 - o <4.74
00559 - . CH n’ <66
0.0559 - cH’ ° <5.43 _
0.0359 . . CH* o - <811 .
0.04-0.13  Rocket-borne IR telescope ' p 83 { P
E . >0.05 "~ Balloon-borne IR radiometer q " «~3.6, 5.5, 7.0.
' . - 0.6-0.008 Rocket-borne IR radiometer or -3 | +(2)f)
el - - ‘- rou
o . : 0.18-1.0 Bealloon-borne IR radiometer 8 2.7 0.9
0.13-1.0 Balloon-borne IR radiometer s 28 £ 0.2
0.09-1.0 Balloon-borne IR radiometer 8 - |
0.054-1.0 Balloon-borne IR radiomecter 8. . <34
TABLE V-2

- POSSIBLE CONTRIBUTIONS TO OUR PECULIAR VELOCITY*

vy vy » 'Vz '
Rotation (0 = 250) -o123 ST 186
To M31, v =90 e 67 12 59
" To Virgo, v = 1000¢ ~970¢ . ~120e 220¢

~ *unit = km sec™! -
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- INSTRUMENT FOR MEASURING ANISOTROPY of the cosmic background radiation

i
YRR

INSTRUMENT PLATFORM in the new aether-drift experiment was a U-2 aircraft operated
by the National Aeronautics and Space Administration. Like the original aether-drift experi-
ment performed nearly a century ago by A. A. Michelson and E. W. Morley, the new experi-.
. ment was designed to measure the earth’s motion with respect to a universal frame of refer-’
nee, in this case the cosmic background radiation. That radiation, which is equivalent to the
radiation emitted by a black body (a perfect radiator) with a temperature of about three degrees
Kelvin (three degrees Celsius above absolute zero), is radiation left over from the fireball in
- which universe was created 15 billion years ago. U-2 has made 10 flights carrying an ultrasen-
Ssitive microwave receiver designed by the author, George F. Smoot and Marc V. Gorenstein.

e e e

OUTER SKIN |
OF U-2 i

ANTENNA 2
54-GIGAHERTZ '
" RECEIVER

~ ROTATION
.. BEARING

VIBRATION
ISOLATION

THERMAL
BALLAST

1L

33.GIGAHERTZ T ' -
RECEIVER

A

TO TAPE RECORDER
AND CONTROLLER

built by the author and his colleagucs is shown schematically in cross section. The two large
horn antennas are designed to collect cosmic background radiation in a narrow cone at a fre-
quency of 33 gigahertz. The two smaller horns and their associated receiver mounitor the emis-
sions from atmospheric oxygen at 54 gigahertz. The apparatus is designed to measure not the
absolute temperature of the cosmic background radiation but rather.the diffcrence in the tem-
perature of the signals collected by the two large horus when they are switched alternately into

_acommon recciver 100 times a second. To compensate for possible asymmetries in design and -
. . construction the apparatus is rotated 180 degrees every 64 seconds during collection of data. .




. ~.
-4 1 l ] | 1 I | I | L1
0 15 30 45 60 75 90 105 120 135 150 165

ANGLE BETWEEN INSTRUMENT DIRECTION AND SITE
. OF MAXIMUM TEMPERATURE (DEGREES)

TEMPERATURE DIFFERENCE (MlLleEGREES KELVIN) -

18(

" COSINE CURVE provides the best fit for the data (averaged into 18 points) taken by the au-

thor and his colleagucs in the new aether-drift experiment. The horizontal axis represents the .
angle made by a line connecting the two horn antennas and the direction of maximum temper-:
ature in Leo. The cosine curve is temperature distribution to be expected in the cosmic back-:
ground radiation if the solar system’s peculiar velocity toward Leo is 400 kilometers per second., ;

PECULIAR MOTION OF GALAXY:  we-en g ——
* 600 KILOMETERS PER SECOND\ T

NET VELOCITY OF
SUN AND EARTH:
400 KILOMETERS
PER SECOND

N N
SRS, / /

SUN'S VELOCITY AROUND GALAXY: PLANE OF
300 KILOMETERS PER SECOND EARTH'S OR8IT

EARTH'S VELOCITY AROUND: SUN:

30 KILOMETERS PER SECOND

"ABSOLUTE MOTION OF THE EARTH through space has been
determined by measuring slight differences in the temperature of the
three-degree cosmic background radiation reaching the carth from
various directions. The carth travels in its orbit around the sun at 30
kilometers per sccond and, as the sun’s gravitational captive, is being
swept around the center of the galaxy at 300 kilomecters per second,
The new aether-drift experiment shows that the carth's net motion
in space is about 400 Kilometers per second. The vector of the earth's
nect motion lies in the same plane as its orbit around the sun and at an

angle tilted sharply upward (northward) from the plance of the galaxy,
In this diagram the vector of the earth’s net motion is depicted as a
colored arrow centered on the sun, since the two bodices travel togeth-
cr. Both are being carried along by the gulaxy’s own “peculiar™ mo-
tion through space (the motion peculiar to the galaxy and not a part
of the overall cosmic motion). In order to account for the earth’s mo-
tion with respect to the three-degree radiation the galaxy must be
traveling at about 600 hilometers per second, or more than 1.3 mil-
lion miles per hour, in the direction shown by the heavy black arrow,

e ——— .



e g jrivred v ____:\~_ I KRNy
/

P

Lt

/

*pu033s 1ad S1)2WONY (S O) PIPUNOL IIT SINIIO[IA Y} SHUIWIINSTIW UL SIHUITIIIIUN JO MITA-
uf *pu053s 13d s13)3wWoIY OS5t IT SAINET[ET PIO,J-uIqUY 1} PITALO) PILIILD 3q UIY) pinom Axe(ed .
1no oy saoys Jy3u je wesdei( ‘Juraow sp Axe[ed Ino YIym Ul UoNRAIIP 3y w1y $22133p €€ . .
A1y3noa paseidstp puodds 1ad sadawopy 008 30 L1053 suindad e aunbas pinoas saixeed jo
asaqds pioq-uiqnyf Ay, uonripes punoidyacq dtwsod Ay uf KAdonoswe ayy £q Axeqed 1no 1oy
pauru123p puodas 1ad sidjawony 009 3o A3120[94 JTindad Y} YIM PI[IIU0IIT Iq UED K}IIO0[IA |
paoJ-tiqny 243 a0y smotys weaderp ay g, *ajdines 3ouar3J1 Yy ug 3soyy 0y 192dsL YIM PUOdIS
12d s1ajpuiopy @St )¢ Sutaow sy Axe(ed ino ey A|dwy $HNSIT B L “wispaudepy (eUsaIa Y Jo
yuaunaeda(q s,uoiduiysepy 30 uonninsug 31Jause)) Ay Jo “ap ‘pio.J JUIY ‘AL PUT UIGNY D) BIIA
£q AyeongdeaSoaydods pazfjeuc a1am SINIOIA Isom Aeae sieak-judif 01 soixered jyo ayd - o
~wies € 0} uontda ug papoid st ‘saixe(ed Jo 12)snpd [€I0] Ay} Jo sTdIGUIAW Y} [{e Aq paleys Apudp —
-142 “Axe(E8 2n0 Jo 3204 Jeindad Ay UM $ITHoW FYNLIID ALIDOTIA DLLSVINVA -7 -

. : . . §.

{ IIHH]
Ll

|
|

1

0

REnn

\ _
s Dpire e v oo ot g

o~ 0 _ < o) ©0
@) o 'O Ke) ‘o

—— . — o—

0.01

<, [,(L/18)]
¢/l ¢ ‘
AOU .
m::. { T T T T T A 5=
AXVIVO H S 3
/- AVM AXTIW - P'”. <o ]
- —— PI"
\ _ ] %
\ (SHVIA-LHONY — m* — m <
\ <0t~ snigvd) - - 3 =i
\ S3IXVIVO W01, - o
~ . 7 L —— - S
e T B - 19 - o
© (SHY3A-LHON (01~ SNIQVY) - Nuv pearei - ~
o SIIXVIVO QYO4-NISNd / A
ONINIVANOD FHIHIS N, .
= 3 v
v C ]
Ao :
OILVIQVY » M = — :
ANNOHONQVE P , -
JINSOQ 2 ! Witte bt ooy lpve vl

Oc]

o ) - 'o ) o

—( Tx). [L/1)]

v/

Jonts



—2\-

A different look at the small~séale,isotropy prdblem; which does
not show the falloff at lérge masses - but explicitly shows the expected
effects‘forlels Mo R whére we db observe ﬁass concentrations. Later
>calcu1atiohs show that in the case of isothermai pertﬁrbations, lafge

‘scale coherence in the fluctuations may make this a difficult beam-switched

experiment. Should we go to space and load-switch? Looks like yes.

. ‘0-3 " . - T T 77T (

ar
..-T, ‘ ‘IO

1t 233131

[} 2 5 10 20
ANGULAR SCALE, 8 (arcminutes) . -

Observers ' - Angular Scale A (cm) AT/Tf {é%
3]
1. Conklin and Bracewell (1967) . ~ 10 2.8 <1.8x10°3 |
' 2. Penzias et al (1969) L2t 0,35 - <6.0 x 103 - §i
3. Boynton and Partridge (1973)* - . 1!5 0.35 <1.9 x10"3 ¥
4., Carpenter et al (1973) R AN 3,6 <7,0 x 1074 A
5. Parijskij (1973)%* o >5" 2,8 ' <4,0 x 10-4 ik
6. - Stankevich (1974) - . 10'-20' 11,1 <5 % 1074 i
~7. Caderni et al (1977) - =~ = = 30" 0.13 <1.2 x 10'4"'%a
- 8. Partridge (1977)%*x . 4! 0,9  <5,0 x 1074 i
9. Pigg (1977) SRR RN S R 1.3 2,0 <7,0 x 1074 [y
' 10, Parijskij (1977)%**x - >5' 2,8 <8,0 x 107 |
. 7 T—24 " Belorh i
égneﬁngﬁ?ed as 20 or 957% limit, 4 = ‘2'5':"0 ," ;,g
*Revised downward, see Partridge (1977). ) COTET
*%Revisad upward, private communication (1977). :
. ***Tentative upper limit pending completion of analysia.

;****See paper by Parijskij in this volume. o . NS
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COSMIC BACKGROUND EXPLORER (COBE)

Explorer Mission
Integrated Multiple
Experiment Payload

~ PROGRAM SUMMARY:
~MISSION LIFETIMEE“ One year

. MASS ESTIMATES
Instrument - 600 kg

FINAL ORBIT: Altitude-900 km

e L - » circular

,} Incllnat10n~99° Sun
"~ “synchronous

| f:'LAUNCH VEHICLE"iﬂ

d;’WOBJECTIVE

‘To further the knowledge of science

.~ in the area of observational cosmology

;iby making definitive measurements of
Specifically it

4 (1) Measure the spectrum of the 3 K
- cosmic background over wavelength range

hi1{3 3 to 0. 33 mm,

T range 13 to 3.3 mm.

(3) Measure the spectrum and angular

~distribution of diffuse infrared back-
. ground . radiation at wavelengths from 8

S to 300 micrometers.

:”L'Typical Instruments:

: (1) Far Infrared Absolute Spectro-
L photometer* BRI

(2) Four D1fferent1a1 Microwave Ra-

o . Spacecraft - 600 kg

.MISSION DESCRIPTION:

West Coast Shuttlevd

STATUS:

#, (2) Measure the isotropy of the 3 X
. cosmic background over the wavelength

(3) Dpiffuse

Infrared

Background

Photometer¥

The COBE w111 be launched from the
Western Test Range on the Space Shuttle
and placed in a 300-km, 99° inclination
orbit, On-board propulsion will boost
it to 900 km. Communications for com-

- manding and data acquisition will be

accomplished wusing the Tracking and
Data Relay Satellite (TDRS) Multiple
Access System.

COBE was selected from responses to
NASA Announcements of Opportunity and
has been approved as an Explorer sched-
uled to begin execution phase in FY 80.
The preliminary study phase is complete
and it has entered definition phase.
All elements are technically feasible
with low risk. The liquid helium Dewar
is perhaps the most difficult new tech-
nology. COBE will use the Infrared As-
tronomy Satellite Dewar to minimize
this risk., - Launch will take place in
Mid-1983. a E

ESTIMATED FUNDING:

Launch and Tracking and Data Acqulsl—
tion costs are excluded

“'dlometers o
R&D Funding

Fiscal Year | 1 2 3 4 5 6  Total
_FY 79 Dollars (Millions) - 8.0 8.3 9.1 5.5 - 1.7 1.4 7 34.0 7

*Cooled to 3 K in a liquid helium cryostat




