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Abstract ' _ 1

Measurement of the Large-Scale Anisotropy

of the Cosmic Background Radiation at 3 mm

Gerald Lewis Epstein

Abstract

A balloon-borne differential radiometer has measured the large-scale anisotropy of the
cosmic background radiation (CBR) with high sensitivity. The antenna temperature dipole
anisotropy at 90 GHz (3 mm wavelength) is 2.82 4+ 0.19 mK, corresponding to a thermodynamié
anisotropy of 3.48 4 0.24 mK fof a 2.7 K blackbody CBR. The dipole direction, 11.3 4+ 0.1 hours

right ascension and — 5.7° 4 1.8° declination, agrees well with measurements at other frequencies.

- Calibration error dominates magnitude uncertainty, with statistical errors on dipole terms being

under 0.1 mK. No significant quadrupole power is found, placing a 90% confidence-level upper

- limit of 0.27 mK on the RMS thermodynamic quadrupolar anisotropy.

The cryogenically-cooled receiver has a double-sideband noise temperature of 135 K and

a sensitivity of 12 mK for one second of integration time. Comparing two sky regions 45° from

"zenith and 180° apart in azimuth, it can resolve the dipole anisotropy in real-time as the balloon

gondola rotates. In-flight calibrations show that gain stability is better than 4-19%. With flights
from Palestine, Texas (31.8° north latitude) in November 1981 and April 1982, the radiometer

has surveyed the sky between —15 and 475 degrees declination.



Abstract ' 2

Since the magnitude of the dipole anisotropy induced by motion through the CBR
depends on both the CBR intensity and its spectral index, anisotropy measurements at several
frequencies provide information about the CBR spectrﬁm. The ratio of the dipole magnitudes
measured at 90 GHz b)l' this expérimexit and at 24.5 GHz by another recent observation is
consistent with a 2.7 K blackbody CBR but does not require such a spectrum. If the CBR
spectrum is blackbody, the two measurements establish a 90% confidence-level lower limit of

2.2 K on its temperature.

The region within five degrees of the galactic plane has been excluded from the fits.
Including it changes the fitted parameters by less than one statistical standard deviation. Fitting
to galactic models indicates that galactic emission averaged over the region within five degrees

of the plane is on the order of 0.5 mK.

i~
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1. Introduction and Theory ‘ S 1

Chapter 1

Introduction and Theory

People have speculated about the nature of their sarroundings for as long as tiiey have
been aware of them. Quantitative cosmology, requiring accurate observations as well as world

" models which motivate and provide interpretation for observations, is somewhat more recent.

The.earliest universe models Were animistic — early man imbued his su.rroundi‘ngs with
| spirits and dernons Based upon his ovrn Inotivations and emotions.’ Magical explanations gave way
to mythological ones as civilizations developed and systematic, if not physrcal descriptions were
given for the nature of the world and 1ts origin. Subsequent eﬂ’orts to quantlfy and physrcally
motivate descriptions of the universe represent what Harrison (1981) has called the transition
,fromv anthropoeenttic to antbropometn‘c cosmologies. If not, the center of the um'verse, man is at

least a means by which the universe measures itself .

1.1 A Pocket History of Cosmology
- LL1 Early Earth-Centered Models

Some of the earliest surviving attempts to relate astronomical observetions to cosmologi-
cal models, and to measure properties of the universe on scales larger than were immediately ac-

cessible, came from the ancient Greeks. By about the fourth century BCE, the Greék astronomers
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and philosophérs had generally agreed on a universe model consisting of a spherical, stationary
earth suspended at the center of a rotating sphere which carried the stars (Kuhn, 1957). This
world view, although not unanimously adopted, was elaborated by Aristotle and others and
became institutionalized in Christian theology by Thomas Aquinas and his thirteenth century

contemporaries.

1.1.2 The Copernican Revolutions

In 1543, Copernicus initiated a change in cosmological world view which removed the
earth from its privileged ]ocation at the universal center. Successive digplacements have expanded
mankind_’s view_o_f the universe and in many v:vays have further removed us from p;eferential
status. Observations of non-uniformity in the distribution of stars led to the understanding that
our sun was embedded within a larger system — the galaxy. In the late 1700’s, Herschel placed
the sun ﬁt the center of the Milky Wa&. By 1918, ‘Shapley’s observatiqns of the anisotropic
distribution of _globul;ar clusters .showed the sun’s actual posi.tion to: be in the qutskirts of our
galaxy. The question.of ﬁheﬂier our “Island Uniferse” was unique or was rather.one of many
siniilar. systems was resolvéd by Hubble’s observations of the spiral ﬁebulae, which §Howed them
to be galaxies in their own right located far outside éur own. Hubblé’s further discovéry that the
reces.sion velocity obs?rved for a galaxy was proportional to its distance established the idea of

an expanding universe.

Hubble's Law, that recession velocity equals a constant Hy times distance, does nc;t

mandate a privileged location for our galaxy. In a homogeneous, isotropically expanding universe,

- observers at all locations will find the recession velocities of other galaxies to be proportional to
their distances. For each observer, however, there will be a unique comoving frame of reference in
which this proportionality between distance and velocity is independent of direction. The frame

of reference defined by our galaxy, then, is special to the extent that this isotropy holds.
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1.2 Modern Mathematical Cosmelogy

Modern cosmological models have taken, as their basis, what was stated by Einstein

and developed by Milne (1933) as

The Cosmological Principle:
All places in the universe are equivalent.
This is mere]y the Copernican idea that we do not possess a pri\fileged status or lecatioh; and
that the universe at large scales'is homogeneous. Since we can only indirectly examine the distant
universe, the Cosmelogiéal Principle must be postulated; it cannot be experimentally verified.

Some models had adopted the stronger postulate (Bondi and Gold, 1948) of

The Perfect Cosmological Principle: -

~ All places and times in the universe are equivalent.

However, ;tl;e‘steady-etgte models resulting freﬁ this assumption have not been able to explain _
the observed evidence of chaﬁge in the universe. As oné looks farther out in space (and therefore
) ‘f,u_tt‘,her back in time), the universe loeks aiﬂerent, so the present is not equivalent to the past.
The cosmic 'backgroulid radiatioﬁ, discussed below and the main subject of this thesis, gives

_ perhaps the clearest evidence of such evolution.

1.2.1 General Relativity

Einstein’s Geeerél Theory of 'Relativity provides the mathematical framework in which
to test end ‘exi)r,ess ﬁmdels descr:ibing the nature of our universe on the largest scales and ear]ie‘st
times. The theory relaﬁes how the geometry of space-time influences the mass dist‘ributien
cox_ltained within it,.andv how the mass in turn determines the geometry. Within Gener;,l

Relativity, different assumptions concerning the mass distribution and overall structure of the
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universe can be codified into different cosmological models; the features and predictions of the.

different models can then be compared with observations.

1.2.2 Big Bang Cosmologies ‘

”T.he simplest cosmological models describe universes which are homogeneous and iso-
tropic. All points é.re equifalent, and at any poiht all dire;tid;as éfe’equiv‘ale.ﬁt'. lidbertson'and
| Walker showed in 1935 and”‘1936 (Misner et al., 1973) that in all such universes, space-time can
be sepafated " iﬁto a cﬁ_ryed tﬁree—dimensionz;l space and a fourih time coordinate wﬁich can
be consistentlyvdei‘ilnec‘i by any cofﬁoving obser;'e.r.' The geometfy bf spéce is determined by
a distance scale parameter R which is a function only of time, being independent of position.
The expansion or contraction of the universe, represented by the time evolution of the scale

parameter, is determined by the distribution of matter and energy..

’

T

The “hot big bang” cosmology, Which today is the most widely accepted 'désclfipltion‘o’f
the history éﬂd largé-scale structure of our universe, is built upon on a Robertson-Walker space-
time. It represelits a class of solutions to the Einstein equations derived by A. Friedmann in 1922
and G. Lemaitre in 1927 (Misner et ol., 1973) in which the universe expands and cools from an
initial state of extreme temperature and density. Hubble’s Law is a necessary consequence of the

expansion of the universe embodied in these models.

In its barest form, a big bang universe model begins in a singularity;, ité subséquent
properties aré parémeterized by elépsed'timé as measured by comoving observers. A more
convenieﬁt parameter for inany purposes is the ratio of the distance scale parameter R at a
given epoch ¢y to its value at some other time ¢. Taking t, as the present time, this ratio can
be shbwn to be e'qt'ial to the ratio bétween the wavelength of a photon now, mezisured_by a local

comoving receiver, to its wavelength at time ¢, measured by a distant comoving observer: -

.
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E(1+z(t))=lg(tt°))" S (11)’

Nto)
1)

The first identity defines the red shift parameter 2.

Anotl:xer important _pa;ameter in Robertson-Walker universes desc;ibes the matter den-
sity. In the §imple§t_models, universes having less than critical density will always egpand follow-
ing the initial singularity; space is open (infinite) and negativgly curvedT U_niver_ses having g;ea_ter }
than the critical density will eventually stop expanding and will recontract into a “big crunch”;
space in these universes is closed (finite) and positively curved. Universes having exactly critical
density will always expand, but at an ever decreasing rate; space is infinite and ﬁat; The ratio
between the actual density of the~univérse and the critical density is denoted §2, so {2 = 1 is the
value éeparating open from closed universes. Relativity theory, cosmology, and big bang models
are described at various levels in many works (Misner et al., 1973; Weinberg, 1972; Weinberg,

1977; Silk, 1980, to give just a few).

' 1.3 The Cosmic Background Radiation

Whether or not big bang models can validly be extrapolated all the way back to a
singularity at ¢t = 0, t,he')y have had great success in explaining many features of the universe
maay. rAI‘he c;smié background radiation (CBR), a n’e>a1v'ly igot.ropic, nearly blackbody radiation
field giving thg unifefge aﬁ eﬂ'ectiye temperéture of abont 3 K, has a natural int,erpretétion as
highly red-shifted ﬁherﬁﬂ .radiati.on remaining from a xﬁuch earlier gpoch. When it was some
nine orders of niégnitude hotter, this radiation was; responsible for phot.o-ciissociating deuterium
. which would otherwise have formed in the early universe. As a result, the combination of protons
and neutrons into more stable heavier nuclei was prevented. Deuterium could persist when the
temperature of the radiation field dropped below about 10° K, enabling further nucleosynthe'sivs

in which essentially all neutrons then present became bound into helium nuclei. The helium
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mass fraction of the universe today, thought to be between 0.20 and 0.25 (Yang et al., 1979), is

consistent with this scenario.

The radiation field continued to maintain thermal equilibrium with matter until the
universe expanded and cooled another six orders of magnitude. At the epoch of recombination,
when the temperéture had dropped to about 4000 K, the ionized plasma formed neutral hydrogen

and helium and'broke thermal contact with the radiation.

1.3.1 CBR Prediction

Several papers written in the late 1940’s suggested that the universe niay have passed
through a hot early stage in which heavy elements were formed via thermonuclear reactions.
- Gamow (1946) argued the necessity of considering non-equilibrium nucleosynthetic procéé%es in
an expanding universe. Accounting for expansion time scales, Gamow ('1'94_8) shoﬁed'thaf particler
number densities of about 10' cm™2 at temperatures of 10° K would be required in order
for an appreciable fraction of protons and neutrons to form heavier nuclei. These con_ditions
represent a universe dominated by radiation. Alpher and Herman (1949) calculated that the

present temperature of that radiation would be on the order of 5 K.

At about the same time, ékperimental apparatus capabié of measuring thermél radiation
in the microwave band was bei;lg developed byzDicke at the MIT Radiation Laboratory‘ (Dicke,
'1946). In the process of ﬁaking atmdéphéric ébsorption meaéurements, Dicke #nd colleagues put
a limi£ of 20’K on the cosmic radiatibn tehperature at three ﬁaveleng‘th# pear 1 cm (Dicke et al,

1946).

1.3.2 Discovery

Detection and identification of the cosmic background radiation came some two decades
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later. In 1965, Penzias and Wilson at Bell Laboratories reported finding an effective zenith
noise temperature 35 4 1.0 K higher than expected at 7.3 cm wavelength (Penzias and Wilson,
~ 1965). The excess power was “isotropic, unpolarized, and free from seasonal varlatlon” to the
'hmlts of their observatlon 1 A companion paper by chke Peebles, Roll, a.nd Wllklnson (1965)
from Princeton University suggested a cosmological origin for thxs 'poviver as greatly red—shlfted
blackbody radiation which had been in thermal equilibrium with ioniied ﬁatter inﬂ thé early

universe.

“The Princeton research had originated independently of the work at Bell Labs. Dicke
had been considering oscillating universe models in which elements generated in one cycle would
" 'be destroyed by the extremely high temperatures occurring in the .next contraction. By the
sumﬁ:é’r of 1964, Dicke realized that red-shifted blackbody radiation remaining from a hot epoch,
"~ if present, should be observable. A literature search for existing upper limits to the temperature

of a cosmological radiation field yielded the 20 K figure Dicke himself had made in the 1940's,

"~ as well a$ a limit of 15 K set in 1961 by the total system temperature of the apparatus later

‘used by Penzias and Wilson (Wilson, 1979). To extend these results, Roll and Wilkinson of
the Princeton group constructed a radiometer to measure cosmic backgrdund radiation at 3.2
" c¢m. This‘experiment was in progress when news of the Bell Labs discovery reached Princeton.
Roll and Wilkinson's publication, within a year of the initial CBR discovery papers, reported a
temperature of 3.04- 0.5 K at over twice the freguency of the Penzias and Wilson observation and
strongly supported the thermal origin of the radiation (Roll and Wilkinson, 1966 and 1967). The
highly thermal and highly isotropic nature of the CBR, as confirmed by these and subsequent
measurements, is generally taken as confirmation of its primordial origin.

. IThe ilmxts 6n 1soti'opy and polarizhtnon in the‘ongmal detection of tﬁe (‘BR pot e.kplncnly stated vm Penzms and

Wilson (1965), were 0.3 K and were independent of most of the errors contnbutmg to the 10K uncertainty in
the CBR absolute temperature (Wilson 1979).
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1.3.3 Properties

"The CBR was quickly realized to be vone of the few directly accessible probes of con-
ditions and events in the early universe. Therefore, characterizing the CBR’s propei'ties as
completely as possible became a high priority. Weiss (1980) has reviewed the stgtus of CBR

"observations in the past tﬁenty years.

1.3.3.1 Spectrum

Any distortion of the CBR spectrum from a purely thermal form would be of great in-
terest since it might provide information about physical processes occurring in'the early universe.

~ In the low-frequency Rayleigh-Jeans region, the spectrum is consistent with a blackbody having

a temperature (given by the weighted average of 21 measurements between 0.33 and 12 em’

‘wavelength) of 2.76 4- 0.07 K (Smoot. et al, 1983; Weiss, 1980). At and above the peak, the
measurement of Woody and Richards (1979) indicates a higher flux than the Rayleigh-Jeans
measurements and shows deviation from a thermal spectrum at the two standard deviation level.
The Woody-Richards spectrum has excess flux near the peak and a deficiency above when com-
pared to the 2.96 K blackbody spectrum having the same integrated flux. .Figure 1.1 shows
the Woody-Richards spectrum along with some lower frequency measurements and a 2.96 K

blackbody curve.-

" "An indirect, but potentially quite precise, measurement of the CBR intensity at specific
frequencies near and above the peak is obtained from interstellar cyanogen ob.;ervat}ions. The
relative strengths of two lines in the CN absorption band at 3874 A — one from the ground
state and the other from the first rotationally'excited state — permit determination of the rela-
tive pqpulatio‘ns_iof. the states and henpe of the CN excitation temperature. Since excitation

mechanisms other than the CBR are possible, the excitation teihperature is an upper bound to

o
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Figure 1.1. Woody-Richards spectrum (Woody and Richards, 1979).
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the CBR temperature at the frequency of the transition linking the cyanogen states. Subsequent
to the Woody-Richards measurement, Meyer and Jura (1984) have made a high signal-to-noise
measurement of this excitation and find Tepr < Tex = 2.73 4 0.04 K at 114 GHz, in disagree-

ment with the Woody-Richards results.

1.3.3.2 Polarization

Any apisotropy intrinsic to the CBR which was established prior to the CBR’s last
scattering will be accompanied by a net linear polarization due to the polarization dependence
of Thompson scattering (Rees 1968). Lubin, Melese, and Smoot (1983b) have placed a 95%

confidence level limit of 0.2 mK on any linearly polarized component at 9 mm wavelength.

1.3.3.3 Isotropy

The present universe is quite transparent to microwave radiation, so the CBR we
measure today has propagated freely from regions of the universe where the line-of-sight optical
depth becomes significant. Its angular intensity distribution carries information ébout the struc-
ture of the universe on these scales. A dipole anisotropy of a part in one thousand of the CBR,
attributable at least in part to our motion relative to a comoving frame, is by now well established
(Smoot et al., 1977; Gorenstein, 1978; Corey, 1978; Cheng et al., 1979). Further investigation of

angular anisotropy in the CBR forms the subject of this work.

1.4 Isotropy of the CBR

1.4.1 Isotropy of the Universe

There are many mechanisms which can generate anisotropy in the cosmic background

radiation. Indeed, the greater chalienge for theoretical cosmology is explaining the CBR’s unifor-
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mity. In standard big bang models, which -treat the early universe as a radiation-dominated
Robertson-Walker space-time, radiation reaching us from opposite parts of the sky'comes from
regions which have never been in causal contact.2 Without postulating specialized initial condi-

tions, it is hard to understand why these independent regions should be at the same temperature.

1.4.1.1 Chaotic Cosmology

Misner (1968) hoped to account for the present isotropy by showing that in a large class

-of homogeneous but anisotropic mode)s, initial anisotropy would damp out due to dissipative
_processes such as neu@vrino viscosity. However, it was later shown that fc_he_ temperature of the
cosm‘ic!background. radjatiqn itself limits the amount of dissipation that could h;n:e occurred in

tile very early universe (Barrow and Matzner, 1977). Collins and Hawking (1973a), examining the

sameb question of whethgr initially homogeneous but anisotropic unii'ersqis evolve tqwards isotropy,

. showed ‘t}.;at those vqhich do form a set of measure zero in the space of all spatially homogeneous
modelé. In other words, a given chaotic universe Iﬁode_l will in general not become isotropic.
Instead, Collins and Hawking proposed an alternate explanation for the observed isotropy of our
universe: only universes expanding just fast enough to avoid recollapsg, those being the ones

which approach isotropy, can form galaxies containing observers who measure isotropy.

1.4.1.2 Anthropic Principle

This last.ar'gtiment is an invocation of what Carter (1974) termed

The Anthropic Principle:
‘What we can expect to observe must be restricted by the

‘conditions necessary for our existence as observers.

2Takmg the surface of last scattering to be at a red shift of 1500, regions more than LIV xngula.r degrees apart
on that surface are causally disconnected (Weinberg, 1972, p. 525).
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Carter sees this as a qualification of the Copernican principle discussed earlier. We do not
occupy a central location in the universe, but the fact that we exist indicates that our situation

is necessarily privileged to some extent.

Many authors have used anthropic arguments to explain what otherwise might need to
be attributed to coincidence or to undiscovered physics. Consider two very large but apparently
independent dimensionless numbers: the ratio of the electrical to gravitational forces between
proton and electron, and the Hubble time, or agé of the universe, measured in thé length of time
light takes to cross a classical electron radius. Both are oﬁ the order (;f 1040, Dirac’s i.,arge
Number Hypothesis explains their ﬂear-equalify by postulating a physical felationship which sets
them equal. Dicke (1961), on the other hand, reasons that .our very presencé requirés thé éxivvstence
- of hééﬁ elements. We cayﬁnoibmeasure a universe to be youﬁger than the lifetime ‘of thé stars
fequiféd to produce those e]emeﬁts, which 1s on the order of sevel;al billion years.: ﬁoﬁ'évéf, if the
" universe were much older than that, all stars and all observers would have diéd out vTherefore,

We meastire its age to be 10%° “light-electrons” old because we are here to measure it.

Carr and Rees (1979) discuss a number of relationships i)etween ihé.ss, le.:ngt,h", and time
scales in the universe. Many of these relationships have straightforwafd pﬂysical dérivations;
others can be “explained” only by invoking anthropic arguments. Carr and Rees find the latter
approach somewhat unsatisfying, from a physical point of view, for three reasons: the anthropic
explanations supply post-hoc rationalizations rather tha_n predictiogs, they may embody overly
anthropomorphic assumptions concerning what is nece;sary for the existence of observers, and

- they cannot provide exact values for the coﬂstaﬁts that they are able to relate by order of mag-
nitude. Nevertheless, Ca;rr and Rees feel that the anthropic‘ explaﬁation was the only candidate
(apart from the less general Large Number Hypothesis) able to account for the “remarkable

‘coincidences” displayed by hature.

i)
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1.4.1.3 The Inflationary Universe

At least one of these “remarkable coincidenceé” of cosmology, the isotx;opy of the CBR,
may have found a more physical justification in recent theoretlcal work. Isotropy is a puzzle in
standard models since, as has been mentioned, different areas on the surface of last scattermg
are causally dlsconnected' no signal travelmg from any common ongm can have standardxzed all

of them. However, the size of the reglon to which a glven point can be causally connected its

particle honzon, depends on the rate of expansion of the universe.

If we lived in a static universe which had a finite age ¢, our present particle horizon
wo;;ld have a proper radius of ct. Light signals which left points on.our horizon.at t =0 yvquld
now ju_s*, be arriﬁng aftér having traversed t_he distan.ce_,ct between the ]_,10ri,zon_. and us. In an
expa;lding universe, the relationship between time and horizon size is more complicated. Our
particle horizon at the présent time still represents the portion of Space whiéh we are aware of
— that portion from which we have received light signals. Bﬁt the present location of the’i)oints
on that horizon depends on how the universe éxpands during‘ the Ltime that the light.‘is' tr:iw;eling
‘to'us. Furthermore, the size of the largest region which could have been causally connected at
some earlier time, which is the particle horizon size for an observer at‘ tﬁat time, depends on .the

nature of the expansion.

‘The’ Scale parameter in early‘Y F‘riedmann—Robertson-Walkér universes (standard big (bang
models) grows as tt, for a radiation-dominated uniferse, or t%, for a matter-dominated one. This
. is not fast enough to permit all points on the surface of last scattering of the cosmic background
. radiation to be inside each other’s particle horizons ét the time the CBR was last scattered. But if

thé scale parameter were to have grown exponentially rapidly for a period in the early universe, 2
very. large region could be causally connected today. Extrapolating the present slower expansion
rate back to the big bang, we greatly underestimate the size of the region which actually would

-have been in contact during and before the exponential growth. -
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Inflationary universe models (Guth, 1981; Press, 1981} isotropize the universe by splicing
just such a period of exponential growth into the early universe. To see how this period arises,
we must examine the concept of the cosmological constant. In the early twentieth century, when
Einstein formulated the General Theory of Relativity, the universe was be]ieved to be static. On

vdnscoverlng that only dynamic solutions existed to his ongmal field equations, Emstem modlﬁed
the equatlons by adding an additional term This added cosmologlcal constant represents a long-
range repu]swe force whlch just balances the gravxtatlonal attraction of mass over long dlst,ances
preventing collapse of the universe. It does so at the expense of destroying the equivalence of
General Relativity to classical Newtonian éravitational theory in the lir;xit of weak :gravitational
fields. After Hubble verified that the universe e.ctually was exﬁanding, Einstein abéndoned the

modification, later calling it “the biggest blunder of my iife.” (Misnei- et al. , 197‘2,: p.' 758).

~ The cosmological constant can be interpreted as a “vacuum” energy density attributable
to free space, differing from ordinary matter of energy (“substance”) density in that it has a
negative effective pressure. The solution to the field equations for a universe having a cosmologi-
eal constant, but devoid of_ matter, is exponential expansion. If there is a cosmological constant
today, it mdst, be sufficiently small so that its equivalent vacuum energy density is negligible
compared to the mass-energy density of any system adequately described by Newtonian gravita-
tion. Existing limits are sufficient to determine that the present dynamics of the universe are

not dominated by a cosmological constant term.

However, according to certain particle physics grand unified gauge theories (GUTs), a
large cosmological constant could have temporarily arisen in the very eér]y universe. In these
models, all non-gravitational interactions are equivalent at extremely high temperatures. When
the universe cools below a critical transition temperature within a few orders of magnitude of
1028 K (10!® Gev), it undergoes a phase transition in which the strong interactions between

quarks become distinguishable from the electroweak interactions among leptons. The symmetric
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.phase in which all interactions are equivalent, which is the minimum energy state at higher
temperatures, becomes a “false vacuum” state which has a higher potential energy than the
“true vactlum” state of broken symmetry. In the inflationary GUT models, the form ot‘ the
vacuum potentlal is such that the umverse becomes supercooled — it takes a relatwely long time
to evolve from the fo.lse vacutlm to the true vacuum state. Dunng that evolutlon the potentlal
energy of the false vacuum acts as a cosmologlcal constant, and the universe undergoes a period

‘of exponentlal expansion. As the universe reaches the true asymmetric vacuum state, the false
vocuum energy is dxss1pated as heat extdmg the exponentlal growth. The re-heated universe

subsequently evolves accordmg to the standard big bang models.

Inflationary scenarios are extremely attractive mechanisms for explaining the present
isotropy of the universe. They also can explain some other presently o_utstand_in,g cosmological
puzzles. Recall that the difference between the dimensionless density {1 and unity is a measure
of the curvature of space. In a spatially flat universe, Q = 1." 0 in our universe at present is

most likely bounded_ by the iimi_ts 0.01 and 10 (Weinberg, 1972, p. 475-481; Misner et al., 1972,
P ’_796—7.97);. recont studies of galactic dynamics indicate a value on the order of 0.__2;(Davis and
i’oeoles, 19‘83a)'. Since {2 is on the order of one, space is close to flat. But the deviation between
Nl andbunity i_ncreasos with t_ime in big bang universes. Therefore, having (2 wjthin two orders of
mag_qituc_lg of unity ot present requires its value to have been within a part in 10!° of unity when

the universe had a temperature of 10! K — thus, the flatness problem (Guth, 1981).

The exponential growth phase of inflationary scenarios solves the flatness problem.

During that phase, the cosmo]ogical constant (representing vacuum, rather than substance, energy

" density) dominates the dynamics of the universe; the expansion rate then is exactly the rate
‘for which the vacuum energy density is the critical density. Space in an o’xponenti'ally growing
universe is flat. During the phase transition ending the exponential growth period, vacuum 'energy

emerges as substance (radiation or particles) which remains at the critical density. Space is flat
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before and after the transistion, and it remains flat in the period of power-law expansion which
follows. Inflationary models predict that the total density of the universe today‘ should equal the

critical density to very high accu'ra.cy.

Inflationary universe models, then, provide answers for some of the presex;tly .outstand-
ing problems with conventional big bang models. They predlct that the universe at present is
critically dense, and more relevant to this thesis, that there should be no detectable intrinsic
anisotfopy in the CBRV attributable to large—scaie inhomogeneity ih the early uﬁi;'erse. The
models are the subject of intense scrutiny by both particle physicist‘s aﬁd cosmoloéists.(Barrow

and Turner, 1982).

1.4.2 Non-Intrinsic Sources of Anisotropy of the CBR

1.4.2.1 Peculiar Velocity and Antenna Temperature

At some level, v}e certainly expect to mea‘s'ul"élani'sotropy in the CBR. Motion of the
earth about the sun, the sun about the galaxy, and the galaxy relative to a comovmg frame will
introduce anisotropy into measurements of the CBR even if the CBR is |sotrop1c in a comoving
" frame. Motion through a blackbody radiation field will preserve its blackbody spéctrum but will
give it an angle-depéndent temperature (Peebles and Wilkinson, 1968). If © is the ﬁngle between

the direction of observation and the direction of motion, the observed temperature is

( — )t |

where T is the temperature in the isotropic frame and § = ¢ is the dimensionless velocity of
the moving observer relative to the isotropic frame. For small values of /3, the expression can be

linearized to yield

T(6) = T(1 4 BcosO), S O (1.3)
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representing a first-order or dipole anisotropy with a fractional magnitude édual to 8. Ina
blackbody radiation field of 2.7 K, a velocity of 330 km/sec induces a thermodynaﬁic dipole

anisotropy of 3 mK.

_In general, consider the transformation of a radiation fleld described by intensity I
(power per unit area per unit solid angle per unit bandwidth). At frequency vo define the intensity
‘spectral index « to be the logarithmfc derivative (alogf [/ Blogv)atvy. T [ 1s isotljopic iq some
- réference frame,"the linearized iﬁtensity anisbtropy in a fraﬁle moving at velocity g is given (see

Appendix A) by

I' =1l (14+8(8 — a)cos ©); (1.4a)

AI' =116 — a) (1.45)

where AI' is the amplitude of the dipole anisotropy. Note that the spectral index as well as
* the velocity enter into fhe f&rniiﬂa. In parti.cular, an isot:ropic ra&iation field having an intensity
propérti&hai "toy V2 (a' = 3) is i:s;étropic in all frames: the frequency dependence (~ v®) exactly
_balances the contraction of solid angle (~ »2) and the transformation of photon energy (~ v)

induced by the observer’s motion.

A microwave radiometer measures power received in one polarization with a fixed
collecting area, solid angle acceptance, and bandwidth. It is therefore direétly measﬂring intensity
I. Let the antenna temperature corresponding to intensity / measured at t;fequency 1/. be deﬁned
as |

c2

Ta=35572

I. _ C(L5)

If measured in the Rayleigh-Jeans portion of the spectrum, the antenna teinperaturé of a black-
body filling the beam of a microwave radiometer equals the blackbody’s thermddynami(;. tem-

perature. In the Wien limit, antenna temperature drops exponentially with frequeiléy.
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Letting z be the parameter Av/kT, the antenna temperature and thermodynamic

temperature are related by

z
T, = pra 1T, and _ : (1.6a)

226’

e AT. _ (1.66)

AT, =

In principle, the frequency depéndence of(a motion-induced antenna temperature aniso-
tropy permits the spectrum of a radiation field to be determined. Figure 1.2 shpvys how a
CBR thermodynamic temperature anisotropy AT appears as a frequency-dependent antenna
temperature anisotropy AT, whose form is a function of the CBR spectrum. Plotted is the ratio

. AT, to AT for both 2.7 K and 3.0 K CBR spectra.

1.4.2.2 Gravitational Radiation

An additional source of non-intrinsic anisotropy in the CBR would be the quadrupolar

and smaller-scale distortion produced_by long-wavelength gravitational radiation (Burke, 1975).

1.4.3 Intrinsic Anisotropy

1.4.3.1 Anisotropic Cosmologies

Large-scale anisotropy in the structure of the universe will produce red shifts dependent
on direction. Hawking (1969) and Collins and Hawking (1973b) discuss the forms taken by the
CBR due to rotation or vorticity, shear, and peculiar velocities in spatially homogeneous but
anisotropic cosmological models. The CBR appearance due to a particular anisotropy of the
universe is strongly dependent on the type of anisotropic model studied. For example, shear
introduces a quadrupolar variation in the CBR in two particular anisotropic models; in other
models the variation is more complex. In addition, the magnitude of induced anisotropy depends

on how long ago the radiation was last scattered.
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Figure 1.2. AT,/AT for 2.7 K and 3.0 K blackbody CBR spectra.
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1.4.3.2 Inhomogeneous Matter Distribution

Matter inhomogeneity certainly exists today. Therefore, perturbatipns must have ex-
isted at some level in the early universe as well. They could have inﬂue_ncéd the CBR in three
ways — intensity (temperature) fluctuations on the surface of last Séattering, differential red
shifts due to velocity fluctuations of the last scatterers, and diﬂ'érential gravitatiohal red shifts
imparted by matter inhomogeneities between the surface of last scattering and i.ph'e observer.
Sachs and Wolfe (1967) used the last mechanism, alonglw‘ivth the then-existing 1% upper limit
on CBR anisotropy, to bound large-scale density ﬂﬁctuations in the universe on scales of 1000
megaparsecé to be under 10%. Since then, considerable work has been done predicting what
anisotropy in the CBR would be expected given various density distributions and cdsmblogiq_al

models (e.g. Silk and Wilsoq, 1981; Peebles, 1982; Fabbri et al., 1982; Hogan et al., 1982).

1.4.4 Previous Experimental Results

Searches for large-scale CBR anisotropy have been undertaken since fhe discovery
of the CBR in 1965. These are differential observations which directly compare power from
different parts of the sky. Systematic environmental and instrumental effects are minimized
by observing the same sky regions with different experimental configurations and differencing
the measurements so that only CBR anisotropy contributes to the result. Results of previous
measurements are given in Table 1.1. Only the most recent publication in ongoing series of_
experiments h;wé‘ been listed. The gap between 1971 and 1979 represents work which has been

incorporated into the post-1979 publications.

1.4.4.1 Ground-Based Observations -

The first anisotropy measurements were done at microwave frequencies (centimeter
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Ta{;le 1.1. Dipole anisotropy measurements.

Source Platform |Altitude|Type!| v )Y Dipole Magnitude?
(km) (GHz) | (cm) - (mK) -
Wilson and Penzias, Ground 0 R 4.1 7.32 : <100
1967 ‘
Partridge and Wilkinson, | Ground | 0 R 9.4 3.19 09421
1967 ' )
Conklin, 1969 Mountain{ 38. | R 8.0 3.75 - 16408
Boughn et al.,, 1971 Ground 0 R 35.0 0.86 7.5+ 11.6
Smoot and Lubin, Aircraft 20 R 33.0 0.91 31404
Fabbri et al, 1980 - Balloon 40 B {100-600(0.05 - 0.30 29+ 13
‘Muehlner and Weiss, Balloon 39 | B [ 90-300/0.10 - 0.33 284 0.8
1980 '
Boughn et al., 1981 ‘| Balloon 27 R | 190 | 158 -3.04'0.8
' 24.8 1.21 40403
314 | 095 37403
| 460 | 065 394 1.0
Fixsen et al., 1983 Balloon 25 R 245 | 1.21 3.18 4 0.17
This work, 1983 Balloon 282 | R 90.0 0.33 3.4840.23

! R = Radiometer; B = Bolometer
2 Thermodynamic Temperature for Topp = 2.7 K

wavelengthé) from the é’round. Except for Conklin (1969), the ground-based observations provided
upper limits. Conklin reported the first signiﬁgant non-zero result for the equatori_a.l 24-hour
(dipole) anisotropy projected to 32 degrees declination. His result agrees with later observations
but involved éxtr#pblating a largé gaigctic correction from lower frequency observations with a

poorly known spectral index.

1.4.4.2 Aerial Observations S ’

Definitive observations of CBR dipole anisotfopy have all been made from the air.
Radiometric observations have been done by the Princeton group from balloon-borne platforms

(Corey, 1978; Cheng et al., 1978; Boughn et al., 1981; Fixsen et al,, 1983) andAby 'the Berkeley
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group from both the U-2 aircraft and balloons (Smoot et al., 1978; Gorenstein, 1978; Lubin et al,,
19833.) Far-infrared bolometric observations have also been made from balloon-borne platforms
{Weiss, 1980; Fabbri et al, 1980) All aerial observations have measured the dipolé anisotropy
to have magnitude about‘3 mK in roughly the same direction, although there are statistically

significant discrepancies in magnitude and direction between experiments. .

Radiometric anisotropy magnitudes in Tab]e 1.1 have been converted from antenna
temperature 'anisotropy to thermodynamic anisotyopx according to équatiofn 1._6b.:by: assixming
fhe CBR to have a thermal spectrum with a temperature of 2.7 K. Bek%w 35 GHz, the" rati6
AT, / AT is; insensitive to the exé.ct temper;ature or precise spectrai shgpé_of"the‘ Cl.?!.l‘j'tv'(vll*v‘igul;e
1.2). At 90 GHz, the conversion faétoi' of 0.81 becomes 0.85 if the CBR temperature is tgke;n
to be 3.0 K instead ofv 27 K Coﬁversion of the wideband bolometric infrared measureﬁents
- to thermod’ynémic terﬁperatqre fs highly dependent on the detector fl_'eque.ncy response and the
assumed sbectruni of the CBR; the éssuinpﬁoné madé"for the infrared wo-rks quoted heré ”were

not explicitly stated by the authors.

Fabbri et al. (1980) reported detection of a “quadrupole-like” anisotrépy with magnitude

09134 mK. They ﬁere unable to characterize it in terms of second-order spherical harmonics due
to insufﬂ‘cient sky c:overage:. Reaﬁalysis of the data (Ceccarelli et al., 1982) determined quadrupole
' coeﬁicients and attributed at Iéasﬁ part of the quadrupole to an extended infrared source; however,
the reanalyéis was ‘sﬁill unable t6 specify the dipole and quadrupole anisotropies completely.
Boughn et al., (1981) reported significant quadrupolar anisotropy coefficients of 0.31 4 0.15 mK
and 0.54 4- 0.14 mK in the two second-order spherical harmonic components having twelve-hour
periods in right ascension. This quadrupole detection was retracted in Fixsen et al. (1983),
| published simultaneously with the initial publication (Lubin et al., 1983a) of the work reported
here. The experi_ment reported in this thesis dbes not support claims of qﬁadrupo]ar anisotropy

in the cosmic background radiation.
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Chapter 2

This Experiment

2.1 Design Considerations and Goals

The two principal goals of this experiment were a desire to measure the backgroud .
radiation anisotropy .fwith high sensitivity and to do so at a frequency signiﬂcant;ly .diﬁerent"i _
from previous measurements. These two considerations, sensitivity and frequené)t, are mot
independeﬁt. The tt;chnology available to perform this exferimént depends upon the operating :
wairelength, and ‘the rde'gree of slansitivity needed or desirable depends on what signal level is
expected and what the competing backgrounds will be. The signa.l and the backgrounds are

both frequency dependent.

2.1.1 Choice of Frequéncy

Tl_lie most fundamental contaminant of measurements of the large-scale anisotropy of the
cosmic background radiation is diffuse galactic radiation. Estimates of the gé,lactic contribution
to a seven-degree full width at half magimum (FWHM) beam on the galctic plane are identified
in Figure 2.1. Since the galactic contributions fxave different 't;requency dépendences from the

CBR and from each other, comparison of measurements at different frequencies can in principle
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decouple the various contributions. This procedure is of course limited by the accuracy to which

the frequency dependences are known.

Synchrotron radiation from electrons in the galactic magnetic ﬁeld, and thermal brehms-
strahlung from ionized hydrogen regions,'are the dominant contributions at centimeter wave-
lengths. In the infrared, fhermal emission from interstellar dust predominates. If galactic
radiation is significant, its angular distribution must be understood before attributing anisotropy
to the CBR. Preferably, anisotropy measﬁrements should be done at a frequency where the
galactic contribution is minimized. Figure 2.1 indicates a window near 0 GHz where the total
galactic emissionv is low. Exactly where this minimum occurs depends on how the dust emission

is distributed spatially and spectrally.

Havingvva galaétic window i; of liﬁtle use if one cannot see through the atmdsphere.
Figure 2.2 shoivs the calculated atmospheric zenith emission at 30 km altitﬁde in the microwave
region, indicating a window between two oxygen absorption peaks at 60 and 120 GHz. Within
this window, the band between 86 and 92 GHz is protected for radio astronomy and was selected

for this experiment.

2.1.2 Choice of Technology

Microwave technology is continually improving, both in sensitivity and .in accessible
frequencies. Development of high-performance millimeter and sub-millimeter radiometers has
blurred the boundary between microwave and infrared. In the region where the two overlap, at

a wavelength of about a millimeter, the distinctions are primarily in terminology and technique.

As to terminology, this microwave experimentalist will usually say the frequency of a 360
micro-electron-volt CBR photon is 90 GHz, whereas his infrared colleagues will label it 3 cm™!.

Differences in technique are more fundamental. A microwave receiver is a coherent detector —
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Figure 2.2, Calculated zenith atmospheric emission at 30 kmm. All unlabeled
peaks are ozone lines.

it can preserve the phase of the incident signal. A bolometer used to det.ect.infrared ‘radiation
is an incoherent device sensitive only to total incident power. In isotropy measurements, where
' ultimét,ely only the p'ower is measured, both types of devices can be used. This experiment
uses a cryogenically-cooled radiometer, which can be made more sensitive than a bolometer in
*the region near 90 GHz. More importantly, a radiometer’s passband can be defined much more
precisely than can that of a bolometer, making it possible to take better advantage of windows
- between atmospheric emission peaks. The signal to noise ratio of a radiometer increases with

the square root of the bandwidth of the detected radiation, whereas a bolometer’s sensitivity is
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directly proportional to its bandwidth. Therefore, the bolometer is better able to utilize large

bandwidths.

2.13 Choice of Platform

T]re‘diﬂ'erent_igl rad_iemeters used te measure anisotropy compare incident intensity from
two sky patches located at equal zenith aﬁg]es. .“Atmospheric emission, to first order, cbirtributes
equally to both. However, atmospheric variation and misalignment of the apparatus will ¢ause the
actual atmospheric contributions to differ. By using a high—altitu_d-e pla@ferrr;, total atrxrospheric
emission (and therefore differential atmospheric emission) is reduced to “a'cCeptable levels. At

30 km, the zenith atmospheric antenna temperature at 90 GHz is 4 mK. - .

The recllﬁire(‘iy ai;ci},;ldes can be reached by balloon, rocket, or satellite. Rocket flights
do not last long enough to make sufficiently sensitive measurements. An orbiting ple,tform is
ideal; flight duration, sky coverage and elimination of atmosphenc background make a satellite
experiment particularly attractive for measuring the CBR amsotropy The Cosmic Background
Explorer (Mather and Kelsall, 1980) has been under NASA developrnent éihce"1974 to do so, but
it will not be launched before 1987. This eﬁperiment was therefore designed to.be carried by a

scientific balloon.

2.2 Radiometer Description

The heart of this experiment is a cryogenically-cooled differential radiometer (Appendix
B) which uses the sky for both source and reference. Such a device, with an output proportional
to the difference in intensity between areas in the sky, permits anisotropy to be measured directly
without the need to make absolute measurements to the 10— level. Figure 2.3 shows a general

block diagram of a differential radiometer used in this configuration. Having the two radiometer
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fields of view at equal zenith angles balances residual atmospheric emission. Rotating the receiver,
besides providing sky coverage, modulates anisotropy in the background radiation to distinguish
it from asymmetry in the apparatus. Anisotropy will yield a difference signal which changes sign
when the sky patches observed by each beam ‘ar;a interchanged; an asymmetry or offset will remain

constant to the extent that the apparatus itself is unaffected by rotation. It is therefore very

important to ensure that nothing internal to the receiver changes synchronously with rotation.

2.2.1 Radiometer Hardware

Since elec;‘ronic waveguide switches at 90 GHz have high loss and would significantly
degrade the performance of a cryogenic system, the radiometer in this experiment switches
between fields of view using a rotating chopper wheel. The antenna, pointed towards the chopper
at an angle of 45 degrees from vertical, alternately accepts reflected and transmitted radiation
from two locations 90 degrees apart in the sky. A block diagram of this particular radiometer is

given in Figure 2.4.

2.2.1.1 Cryogenic Temperature Components

Horn and Coupler: Power passes into the cryogenic dewar! through a 5-mil thick mylar

window and is collected by a corrugated conical horn cooled to 77 K. The antenna half-power
beam width is 7 degrees, and the gain pattern for an equivalent horn scaled to 33 GHz and
measured at 31.4 GHz (Janssen et al,, 1979) is shown in Figure 2.5. Beam patterns of a 90 GHz
horn identical to the one used in this experiment have been measured and are essentially the
same as those shown in Figure 2.5 (C. Witebsky, private communication). A circular-to-linear

polarization transition and a 5.4 cm copper-plated section of thin-wall stainless steel waveguide

ISpeciﬁc components used in the radiometer are itemized in Appendix F.
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connect the horn to the components on the 4 K cold plate. Loss in the window and in the signal

waveguide is less than 0.3 db.

The signal and the 90 GHz local oscillator (LO) power fed separately into the dewar
enter two ports of a tunable resonant ring diplexer (Davis, 1977). The mixer block is mounted
on the third port and the fourth port is terminated. Insertion loss of the coupler for the signal
is 0.3 db at roém temperature; local oscillator-to-mixer loss in the coupler when the coupler is
tuned for maximum LO throughput is 4 db for the LO carrier and 23 db for non-resonant LO

sideband noise.

Mixer: From the coupler, LO and signal power pass through a step-reduced-‘llleight waveguide
transformer to a low-doped Schottky barrier diode. Noise theory of Schottky barrier mixers is
discussed in Barber (1967). Weinreb and Kerr (1973) analyze cryogenically-cooléd centimeter and
millimeter mixers; the mixer used in this experiment is an updated version of the one described
by Kérrb(1975) and Cong, Kerr, and Mattauél; (1979). The GaAs mixer diode is operated with
a DC bias current of 780 pamp. It is mounted on a quartz microstrip and protrudes into the
‘;'q‘uart'er-height WR-10 waveguide. A phosphor-bronze whisker extending across the waveguide
contacts the metal surface of the Schottky barrier. Intermediate frequency (IF) power passes

from the diode through a microstrip radio frequency choke and of the mixer block.

Behind the chip, an adjustable backshort tunes away the reactive component of the
impedance seen by the junction. The tuning vernier on the ring coupler and the backshort
are not accessible when the s&’stem is cooled. They were adjusted when the system was warm
to maximize LO power coupled into the diode, as indicated by the change in diode voltage at
constant bias current when the LO was turned on. When the system is cooled, the bias voltage

_is not as strongly affected by the LO.

IF Amplifier: A low-noise IF amplifier immediately following the mixer is essential to utilize

the cooled mixer's low noise figure. The noise contributed by components downstream of the
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ﬁrs’p IF amplifier is reduced by a factor equal to the first IF’s gain and is therefore not significant.
This receiver uses a cryogenically-cooled two-stage GaAs FET amplifier described by Williams
and Lum (1980) and built in the University of California’s Radio Astronomy Laboratory. The
amplifier is optimized for performance at L-band frequencies betwegn one and two GHz. The
actual IF bandwidth of 1080 to 1670 MHz was established by evaluating the receiver spot noise
figure and gain as a function of frequency and maximizing the overall sensitivity. At 77 K, the
amplifier has 2 noise tempefature of 20 K and a gain of 25 db over an effective gain-weighted
bandwidth of 540 MHz. Its output is attenuated 3 db by the low f-hermal cdnductivity stainless-

steel rigid coaxial cable through which power leaves the dewar cold-space.

The amplifier functions best when viewing a source impedance of 50 to 70 ohms (Williams
and Lum, 1980), whereas the incremental impedance of the biased mixer diode when cooled is
closer to 200 ohms (Cong, Kerr, and Mattauch, 1979). Therefore, a broadband, partially tunable
impedance transformer is used to match the two. While connected to the mixer, the transformer
was trimmed to minimize VSWR over the IF amplifier operating band. The transf’ormer also

provides a terminal for feeding DC bias to the mixer.

2.2.1.2 Non-Cryogenic Temperature Components

Local Oscillator: A Gunn diode followed by a waveguide attenuator produces 6 mw of 90 GHz
LO power which is further attenuated 10 db by passage through a mylar window, an unplated
stainless-steel waveguide inside the dewar, and the ring coupler. Somewhat less than one milliwatt
is delivered to the mixer. The LO power was adjusted to méximize radiometer sensitivity, which

is only weakly dependent on the LO power level.

Second IF amplifier, Filters, and Detector: Outside the dewar, the radiometer signal passes

through an isolator (which was later removed: see Chapter 3) and is amplified another 50 db by

the second IF amplifier. The 180 K noise temperature of this amplifier adds less than 2 K to the
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systeln noise, since its contribution is reduced by a faétor equal to the first IF amplifier's gain.
The IF passband is determined by an eight-pole bandpass filter following the second IF amplifier.
The signal then passes through a notch filter at the balloon telemetry transmitter frequency of
1485.5 MHz (see Chapter 3) and is attenuated to keep the Schottky barrier detector diode in its

linear range. After detection, the signal is fed to a lockin amplifier.

Beam Chopper and Lockin Reference: The beam is switched between skyvpatches with a
polished aluminum rotating chopper wheel. The chopper emissivity into the mo&e accepted by
the radic')meter (linear pblarization with H field vertical) can be calculated‘by consiiiéring the
corresponding case of radiation incident on a conciuctor at 45 degrees with H ﬁeid in the plane
of incidence. The fractional power absorbed is given by

- 20 cos 45°

A

iavith § the skin depth and X the free space wavelength over 27. Upon substituting typical vallies
for aluminum, € equals 6 X 10~* at 90 GHz. Fractional absorption is equal to emissivity, so this
value predicts emission on the order of 135 mK from an aluminum chopper at 225 K. Emissivity
increases as the square root of resistivity, so a warmer chopper has a higher emissivity as well as

a higher physical temperature.

Thé chopper wheel, having low emissivity and surrounded by turbulent air, is assumed
to be at tlie ambient air temperature. However, the ambient temperature is difficult to measure
since the residual air at altitude does not make good thermal contact with sensors. The black-
body pop-up calitirator target, whose temperature ranged between 205 and 225 K during two
different flights, most likely radiatively cooled below the ambient air temperziture. The 225 K
air temperature used in the emissivity calculation is that given in the U.S. Standard Atmosphere
(Cole et al., 1965; reprinted by Ulaby et al., 1981) for ambient temperature between 28 and 30

km. The actual offset observed during flight is about 200 mK; the discrepancy can be attributed
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to the large uncertainty in the conductivity of aluminum alloys depending on composition and - -

v preparation and to the uncertainty in chopper wheel temperature.

The chopper is a two-lobed wheel driven at 700 RPM and phase-locked to a crystal- o
controlled oscillator. The beam switching frequency is 23 Hz. When the chopper is phase- .
locked, the oscillator provides the 23¢ Hz reference signal to the lockin and also establishes the.
integration period ﬁf 50 switch-cycles (just over two seconds). The motor and clock circuits are

electrically isolated from the rest of the apparatus.

Lockin Amplifier and Data Logger: The first stage of the synchronous-filter lockin dmpliﬁes
the detector output. The amplified signal is used to charge one capacitor when ﬁi:le radioniétér
observes the direct beam and another when itvobserves the reflected beam. A differential amplifier
produces an output voltage proportional to the difference hetween capacitor vqltages. During the
20% of each switch cycle when the edge of the chopper crosses the horn, the lockin input signal
- is blanked to eliminate spurious diffracted signals. As a result, one second of observation time
corresponds to a net integration time of 0.8 second. The lockin output is “boxcar-integrated” for

a period of 2.11 seconds, digitized, and recorded by an onboard tape logger.

2.2.2 Support Equipment

2.2.2.1 Magnetometers

To reconstruct the positions of the direct and reflected beams, the radiometer’s orien-
tation is first determined relative to the earth’s magnetic field. Two sets of magnetometers are
included in the experiment. The primary system is a three-axis fluxgate unit; three orthogonally- '

mounted Hall probes provides a backup system..
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2,2.2.2 In-Flight Calibrator

To determine the stability of the radiometer calibration in flight, a small blackbody
target made of iron-loaded epoxy was periodically raised into the beam. The target subtends

about 1% of the be'am solid angle and contributes an antenna temperature on the order of 1%

of its physical tefnperature. At altitude, the calibrator showed that the system gain is stable to 7. ...

better than 419 over a flight. Calibration is discussed further in Appe‘ndix c.

2.2.2.3 Power.

The sysiem requires thirty watts of power with up to thirty more watts going to heaters
in the :tempel_'-ature regulatof's.’ r.I‘his bower was supplied by five pounds of lithium batteries on the
radiom’et__er’s first flight, when weight was particularly critical, and by 100 pounds of rechargeable
lead-acid gelled electrolyte cells én subseduent flights. All power supply -voltages were regulated

by non-switching series-pass DC regulators.

2.2.2.4 Temperature Regulation

Cryogenic temperature stability is maintained independent of altitude and ambient
pressure by venting the liquid helium and liquid nitrogen tanks through absolute-pressure reg-
ulators. Temperatures inside the dewar are monitored at three locations with silicon diodes.
One sensor on the horn measures the temperature of the liquid-nitrogen-cooled shield, and two
on the 4 K cold plate measure the GaAs FET IF amplifier and the mixer block temperatures,

respectively.

Temperatures of the non-cryogenic electronics were regulated with proportional heaters.

Integrated circuit sensors on the chopper motor, the LO, the second IF amplifier, the support
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electronics cage, the dewar exterior, and the in-flight calibrator were used to measure and record

these temperatures; the heater currents were also recorded.

' 2.3 System Configuration

. 2.3.1 Experiment and Gondola

The radiometer has flown four times in four different configurations. The radiometer
dewar, chopper wheel, and motor remained unchanged for the four ﬂi_ghts and are shown in profile

in Figure 2.6.

The dewar is tilted back with the horn viewing the chopper at a 45 degree angle. In
| this position, the dewar could hold about two liters each of liquid nitrogen and liquid belium,
sufficient to keep the system cold for at least 18 hours. Surrounding the aperture for thevhorn
is a hexagonal groundshield, shown in cross-section in Figure 2.6, which was designed to keep
ground radiation from contributing more than 0.1 mK. This groundshield is supplemented by
shielding on the gondola. The chopper is enclosed, except where it crosses the horn, by an
electrically-conductive guard (not shown in Figure 2.6) which minimizes modulation of any stray

radio power and prevents the loss of significant digits (i.e. the author’s).

The electronics not mounted in or on the dewar, and the flight batteries, are carried
separately on the balloon gondola. Also on board is the telemetry and telecommand system
linking the experiment to the balloon launching_facility. The entire gondola is suspended under
a motor and bearing which rotates the package. A perspective view of the gondola as flown in

April 1982 is shown in Figure 2.7.

2.3.2 Balloon and Flight Train

The required size of a scientific balloon depends on the weight of the apparatus and
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the desired altitude. With its various configurations and hosts,. this experiment has flown with
balloons ranging from six hundred thousand to six million cubic feet in volume. Hanging under
the balloon, and connected to it by a termination fitting which is separated at the end of the
flight, is the parachute. The rotor and gondola are attached to the parachute at the end of a
wire cable ladder long enough to keep the balloon 30 degrees away from the radiometer beams.

Figure 2.8 shows the balloon and flight train.
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Chapter 8

System Operation

3.1 Radiometer Performance

3.1.1 Noise Temperature

The noise temperature of the radiometer at ambieﬁt temperature, in wideband measure-
ments over the full 540 MHz IF bandwidth, is 650 K. At liquid nitrogen temperature, the noise
temperature drops to 220 K, and at its normal operating temperature of 4 K the radiometer
system temperature is 135 K. Over the IF bandwidth, this yields a system sensitivity of 12 mK

for one second net integration time.

3.1.2 Calibration

The radiometer is calibrated by placing an ambient temperature blackbody emitter in

| one beam and a blackbody target saturated with liquid nitrogen in the other. The calibration
constant (Kelvins antenna temperature per volt) changes by a factor of two between operation at
300 K and at 4 K. At 4 K, the system is Quite stabl'é, with the RMS scatter in widely separated

calibrations throughout a year of 2%. Relative calibrations of the system during a flight are
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provided by inserting a small blackbody into one of the radiometer beams every 27 minutes. The
calibration sequences last 48 seconds, causing a 3% loss of potential observation time. Further

details of system calibration and corrections are presented in Appendix C.

3.1.3 Operating Parameters

Several factors determine the operating parameters of this apparatus. The choppi_ng
frequency of 23% Hz is high enough to be in the region where thermal fluctuations with a iia,t
spectrum dominate over fluctuations having the 1/f spectrum typical of gain variations. These
drifts and gain fluctuations limit the gondola rotation period, which must be short enough so-
| _ that _Phe drifts are small compared to the minimum detectable signal over the same; iiiteival. At
'\t.he same time, to preserve sensitivity to small-scale structure, the antenna field of view should

not be ﬁnnecessarily_ broadened by gondola rotation. The boxcar integrator averageis'over 50
chopper cycles. (2.11 jsec) during which each beam scans an azimuthal rzinge of 13 degrees at a

rotation rate of 1 RPM. For one minute observation time, thé radiometer sensitivity is 1.7 mK.

3.1.4 System Testing

In the laboratory, we investigated possible sources of systematic error iiy observing a
stable load with the radiometer, modulating some parameter, and looking for a synchronous
modulation in the radiometer output. However, testing to the 0.1 mK leifel on the ground.is not
. feasible. Eleven hours of integration are necessary to reach that sensitivity with a 77 K target
~and m}er‘forty-ﬁve for an ambient temperature load. Instead, useful tests involved modulating
some parameter (e.g': magnetic field) at a higher level than was expected in flight. The limit on

the instrument’s response was then scaled assuming a linear stimulus/response relation.
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3.1.4.1 Magnetic Dependence

Since the radiometer rotates in the earth’s magnetic field, 'ciny nia.gnet,ic dependence
of the output will yield a signal ;ynchronous with gondola rotation and therefore will mimic
background radiation anisotropy. With the isolator removed, there are no magnetically sensitive
elements in the radiometer and no magnetic dependence was expected. Magnetic sen;itivity was
bounded by measuring a response of 0.4 + 1.9 mK to a switched 10 gauss ﬁ(;,ld‘. :I‘his puts a 0.1
| mK limit to the effects of the 0.5 gauss peak-to-peak modulation of the horizontal component of

the earth’s magnetic fleld caused by gondola rotation.

3.1.4.2 Radio Interference and Other Tests

Sensitivity to radio interference was tested, p‘art,icularly after ,daﬁa froxﬁ first flight was.
severely affected by it, by transﬁlitting ne#f the 5pparatus. Sources of radio frequency (RF)
leakage were located and shielded by adding filters or enclosing components within RF-tight
shields. To i}lsure‘ proper system operation under conditions expected at altituée, the systeﬁl
was placéd in a','thermal/vacuum chamber which was evacuated and cooled. This provided a
“geroth order” tést of system voperation. However, all the problems of doing sensitive tests on

“the ground were exacerbated by inability to access the system or to calibrate while the chamber

was evacuated.

3.2 Data Collection
3.2.1 Flight Scheduling

The sun is a 6000 K source which, when diluted in the radiometer field of view, must
still be attenuated 50 db to contribute less than 0.1 mK. To achieve this rejection, it must be more

than 35 degrees off the beam axis. Sunlight might also cause temperature cycling synchronous
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with the gondola rotation. As a result, the radiometer collects useful data primarily at night. If
coverage of a particular portion of the sky is important, flights can be scheduled only for that

part of the year when the desired section is visible at night.

The moon can contribute a signal of up to 800 mK depending on lunar phaseuand
position relative to the beam. To keep its effect under 0.1 mK, it must be more than 25 degrees off
the beam axi‘s. vDependix{xg on the moon’s elevation, a significant amount of observation time will
be lost in satisfyipg this requirement. On the other hand, the moon’s signal is a valuable check
on the radiometer pointing a.pd can in principle provide an absolute calibration. In practice,
inaccuracy in determining its position relative to the radiometer beam and the corresponding

uncertainty in antenna gain prevented using the moon as an absolute calibrator.

There are two flight opportunities on either side of new moon, each of two or th}éé days :
length, where the moon will be visible for a short period of time at thé beginning or end of a flight.
The deterxﬁining factor in flight scheduling, though, invariably becomes the weather. Given the
requirements on high-altitude wind speed and direction (particularly relative to the nearest large
body of water), surface cond‘itions-at launch, and expected weather in the down-range recovery

area, one rarely has the luxury of waiting for ideal celestial alignments:

3.2.2 July 1981 Flight

The 90 GHz radiometer was originally designed to fly in a gondola operated by David
Wilkinson’s  group at Princeton University. This gondola, used to make the measurements
reported in Cheng et al. (1979) and Boughn et al. (1981), had carried radiometers operating at
24.8, 31.4, and 46 GHz. The Berkeley radiometer replaced the 24.8 GHz Princeton radiometer.
The gondola rotated at a rate of 1 RPM, and the Princeton magnetometers provided orientation

information for both Princeton and Berkeley experiments.
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Although presenting some of the inevitable difficulties of collaborating with another
group, this gondola-sharing arrangement made my introduction to ballooning much easier. We at
Berkeley were responsible for the 90 GHz radiometer; the balloon, gondola, and flight procedures

were for the most part handled by the Princetonians.

In June, 1981, we packed the radiometer and all of our test and sipport equipment into
the back of a station wagon and drove to the National Scientific Balloon'Facilit)" in Paléstine,
Texas. We tested our equipment in the NSBF thermal/vacuum chamber mentioned previcusly,
mounted the radiometer on the gondola, fed the Princeton magnetometer signals into our in-
flight recorder, and arranged for our radiometer output to 'Be telemetered to the: ground. - We
then checkeéd for interference between the Berkeley experiment, the Princeton radiometers, and

the NSBF-supplied command and telemetry equipment.

= This last test revealed a significant problem. The telemetry downlink transmitter at
1.485 GHz fell in the middle of the 90 GHz radiometer’s IF band and severely-interfered with the
radiometer’s operation.' Deploying the transmitting antenna on a long cable under the gondola,
and adding more 'shielding, did not reduce the interference to acceptable levels. In-addition to
transmitting the Princeton data, the transmitter was required by the NSBF to command and

locate the balloon and could not be turned off.

~On July 1, weather conditions and the moon position were acceptable for launch. Taking
advantage of the lull in surface winds at sunset, the balloon was launched at 19:13 Central
Daylight Time (00:13 Univeral Time on July 2) and rose to float altitude of 25 km (25.1 millibar
_pressure) in 80 minutes. RF (or more precisely IF) interference was evident in the 90 GHz
3 radiometer data which was being telemetered to the ground. The in-flight calibrator also failed

to operate during the first half of the flight, due (it was discovered later) to an overheated relay.

The gondola drifted almost due west at about 40 knots during the night. As it neared

mountainous terrain in west Texas the next morning, the flight was terminated, introducing
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some further problems. When the parachute opened, the spreader bar separating the gondola
. suspension cables from each other snapped. Possibly as a result, the package flipped over on its
: back upon landing.- The radiometer was checked out after the experiment was recovered and
returned to the balloon base. Except for the chopper motor, which had burned out when the

chopper wheel jammed on impact, the radiometer functioned normally.

3.2.3 November 1981 Flight

3.2.3.1 Modifications

Ba.sed on the expenence gamed from the July flight, several modifications were made to
the apparatus. Most 1mportantly, a notch filter providing over 70 db rejection at the telemetry
* transmitter frequency of 1485.5 MHz was placed immediately before the detector diode. The

isolator between the first and second IF amplifiers, which had been one of the most RF sensitive
componenfs axid whoee presence was not essential to systemn operation, was removed. The second
IF amplifier, bandpass filter, notch filter, and detector diode were moved iﬁto an RF-tight
| enclesure mounted directly on the dewar. All lines to this enclosure, as well as those going

directly to the dewar, entered through filters.

The radiometer found a new host with Rainer Weiss from MIT, who was planning
flights from Palestine in the fall. His four-channel, far-infrared bolometer system was to fly then
in two configurations: with wide-beam (seven-degree FWHM) horns for a large-scale anisotropy
experiment, and with two-degree beams to search for far-infrared sources. The MIT gondola
required some additional modifications to be made to the 90 GHz experiment. Although primary
magnetometer signals were obtained from the MIT experiment, a backup set of three orthogonal
Hall probe magnetometers was also flown. The lithium batteries powering the system for the

July flight were replaced by gelled-electrolyte lead-acid cells to permit system testing in the
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flight configuration. Although much lighter, the lithium batteries were not rechargable and could
not be used to power the system during ground tests. Other changes included surrounding the
window over the antenna with a perforated collar through which nitrogen gas was exhausted
to prevent frost formation on the window. These modifications were all done in Berkeley; the
problems of mounting the experiment onto the MIT gondola and interfacing with MIT and with

NSBF were left as field exercises.

In early October, 1981, the radiometer and associated equipment were once again packed
into a station wagon for the three-day drive to Palestine. On arrival, the equipment was checked
out and a structure for mounting it onto the MIT gondola was developed and built. The Berkeley
equipment was placed above the MIT apparatus on two platforms projecting out the sides not

-’occupled by MIT optlcs The end result was a paclmge 3 m hlgh and extremely top—heavy The
: hexagonal groundshield surronndmg the 90 GHz ra,dlometer was extended on each face by adding
foil-covered- styrofoam panels After waiting a month for weather, ﬂlghts of other groups and
the completlon of the the first MIT flight (whxch was done with the same gondola) the 90 GHz

_-anisotropy expenment was ready to fly.

3.2.3:2 Flight

At sunset on November 4, 1981 (23:42 UT), the gondola was launched with a 6 million
-'rcublc foot balloon The length of the parachute and flight train of 120 m gave the balloon an
angu_lar radius of 14 degrees at altitude when viewed from the gondola suspended underneath.
3 Gondola rotation ‘Wi.t;h a T4-second period was started fifteen minutes after launch. At this
- rate, eaoh beam swept through 10.3 degrees in azimuth per 2.11-second integration period. The
. balloon roso more slowly than expected and never reached the 35 km altitude required by the
MIT infrared experiment. It did reach 27.5 km (17.1 mbar pressure) two hours after launch and

peaked at 30 km (11.8 mbar) another half-hour later. Slowly dropping for the remainder of the
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a) November 1981 b) April 1982
Flight . Flight .

Launch

1114781
. Impact
23": ur 11/5/81

11:15UT

‘@ Impact
4127182
13:32 UT

Ascent or Descent

Tick marks Labelled in Hours UT
——— Fioat

- ”Fig.ure 8.1. November 1981 and April 1982 flight paths.

. flight, the balloon crossed 27.5_:km again six hours after the peak altitude was reached. Two
hours after that, the flight was terminated from an altitude of 26 km as the gondola neared the
Gulf of Mexico, and the package landed in a wooded area near Mobile, Alabama. The flight

path is shown in Figure 3.1a.

The Berkeley experiment worked well throughout the flight. As the gondola reached
float altitude, the moon reached its maximum elevation of 39 degrees, six degrees off the beam.
Because of contamination by the moon, one-quarter of the data taken in the first two hours

at float had to be dropped from later analysis. On the ground, passing the telemetered lockin
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amplifier output through a 55-second time constant RC filter clearly showed the 3 mK dipole
anisotropy in real time as a modulation synchronous with the gondola rotation. Figure 3.2 shows

an equivalent plot from the April 1982 flight.

Analysis of the twenty in-flight calibrations showed that the gain at altitude varied by
less than 4-0.7% (1 standard deviation). There were some periods of highly irregular rotation
during the flight, probably arising from shear winds acting on the asymmetric surface and mass

distribution of the gondola.

No damage was incurred on landing, and the system was tested upon its return to
Palestine. At ambient temperature (with no cryogens), the system gain was within one percent
of its ambient temperature pre-flight value. When the system was re-cooled following recovery,
but had not yet reached equilibrium, the gain was within five percent of the pre-flight cooled

value.

3.2.4 April 1982 Flight

The November flight provided good data covering half the northern sky. Filling in the
other half would increase the value of the data by much more than just the additional observa-
tion time, since complete coverage decouples otherwise highly correlated dipole and quadrupole

parameters.

3.2.4.1 Modifications

To get this additional coverage, we made plans to fly again in April. The radiometer
remained basically unchanged. What needed to be added was the equipment which had previously
been supplied by our hosts — primary magnetometers, a gondola, and a balloon. A multi-

axis fluxgate magnetometer provided the primary x and y reference, with the Hall probe mag-
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Figure 8.2. Real-time dipole signal.
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netometers retained as a backup unit. A gondola, 0.8 x 0.9 x 1.7 m in size, was constructed
' and5 ‘surr_:oundéd‘l?y an external aluminum sheet groundshield extending up to the height of the
.vinternal -hexa-gon(al shield. The gondola carried the radiometeI:, electronics, and batteries, and
* provided room for the NSBF telemetry package. Analysis of the radiometer’s performance during
the November flight showed that the gondola could be rotated' more slowlj,. 50’ the,-l:di‘é.tion was
_slowed down to a 1‘10 second period for the April flight. At this rate, the radiometer beams swept

through one beam-width (7.0 degrees) in one boxcar integration period.

3.2.4.2 Flight

Having obtained two balloons and authorization .for lﬂight, we packed the equipment (no
lori'ger fitting in a station wagon) into a van and took the by-now-familiar route to Palestine. After
cheéking out the equipment, rigging the gondola, and connecting our telemetry and telecommand
liqés to the NSBF telemetry package, we were ready fo fly four days after arrival. With a
's'mall (one million cubic foot) balloon, our flight was not as restricted by launch surface weather

“conditions as those using larger b%;lloons. The high altitude 'yvind gpd downrange weather

) requirements, though, still had to be satisfied.

On April 26, the 350 pound gondola was launched at sunset at 19:45 Central Daylight
Time (00:45 UT on April‘27). The gondola hung 55 m below thé‘_balloon, which had an angular
radius of 16 degrees at altitude. The rotor was turned on just after launch. The gondola reached
its maximum altitude of 28.5 km (14.6 mbar pressure) two hours after launch; it dropped very
slowly after that but remained above 27.5 km (17.1 mbar) t;or the duration of the flight. The
moon, setting as the instrument rose, was within 25 degrees of the beam for less than one-half
hour after the balloon reached float altitude and did not confribute a signal strong enough to see

above the radiometer noise.

Gondola rotation was more uniform than it had been in November, and the CBR dipole
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anisotropy was again observable in real-time in the downlinked radiometer output (Figure 3.2).
The pop-up calibrator rose every 27 minutes, as expected. However, the calibration signals were

extremely erratic, varying by much more than would be consistent with the stability of the

‘radiometer offset. Examination of the calibrator after recovery showed that the arm was severely

bent, presumably having been caught just after launch by some of the tape fastening thermal
insulation to the chopper motor assembly and causing it to rise to irregular positions during the

flight.

The gondola drifted east during the night, taking a southward turn eleven hours into
the flight near sunrise. Wanting to keep the gondola out of the Gulf of Mexico even more than
we wanted to check our pointing with the sun, we terminated the flight just after sunrise near
Baton Rouge, LA. The April ground track is shown in Figure 3.1b; sky coverage obtained from

both November and April flights is shown in Figure 3.3.

After the apparatus had been recovered and returned, it was cooled and tested. Post-
flight calibration was within 3% of the pre-flight value. Eight days after arrival, we were on the

road back to Berkeley.

- 8.2.5 November 1982 Flight

With two successful Texas flights providing coverage of most of the northern sky,
southern sky observations became extremely attractive. In addition to decoupling the axisym-
metric dipole and quadrupole terms which cannot be separated in data taken from a single declina-

tion (see Chapter 5), southern hemisphere measurements permit observations of the galactic

- center. Dust emission should be maximized there, making possible either its measurement or

the establishment of a firm upper limit to the galactic dust contribution. Additional motivations
for further flights were the increased observation time and the chance to modify and re-fly the

in-flight calibrator.
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Figure 8.8. Northern sky coverage. Hammer-Aitoff equal area projection.
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3.2.5.1 Modifications

The existing in-flight calibrator observations placed limits on gain variations during a
flight. More useful would be a full-beam calibrator which could provide an absolute calibration of

the radiometer at altitude to relate the radiometer’s ground performance to its ﬁight'operation.

A:blackbody target 10 cm by 10 cm in area with a front surface of cpﬁes 2.5 cx# high
was constructed at NASA"s Goc_idard Space Flight Center out of iron-loaded efoxy. Tﬁe target
surface, including the valleys between the cones, was covered with styrofoaﬁ to keeﬁ the‘ emitting
surface at a stable temperature. Reflection off the target's front surface, minimized by the shape
‘of the cones and by the-high absorption of the epoxy,‘was suppressed by more than 24:5 db. The
targét ﬁas incorporated into a new calibrator arm Aa.nd the lockin amplifier circuitrj' was modified
to a.utomaticaily reduce systerﬁ gain By a factor of 100 when the target was inserted into one

beam.

At the same time, we had been making arrangements with the Brazilian Institute for
Spécé Research (hétitufo de Pesquisas Espacias — INPE) to use their balldoning facilities. We
ﬁlodiﬁed the gondola sli‘ghtly to accept the Bfazilian telemetry system, and in late October, 1982,
we air-freighted the equipment, two balloons, and 500 liters of liquid helium to INPE headquarters

near Sad Paulo, Brazil.

3.2.5.2 Flight

We ourselves arrived in early November to ﬁnd our equipment and the helium (a
significant addition to that nation's supply) in good shape. After a week’s preparation and
coordination, we moved to the launch facility at Cachoeira Paulista (latitude 23° South) 100 km
away where the INPE flight crew rigged the gondola and flight train and prepared for launch.

Three launch attempts were scrubbed over the next several days due to weather conditions or
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telemetry problems, but at 17:14 local time (20:14 UT) on November 20, 1982, the gondola was

launched. The 1.75 miilion cubic-foot balloon reached float altitude of 30.5 km two hours later.

_Observed on the ground, the limited number of signals which the INPE telemetry could
downlink indicated that the instrument was performing quite well The moou, which passed
through the center of the radiometer beams due to the later-than-desued launch date was highly
v1s1ble in data at the beginning of the ﬂight and the drpole amsotropy was clearly evident in

| real time th.roughout the night. The balloon s altltude at ﬂoat remalned between 30 and 31 km.

.. _Fourteen hours al‘ter launch the sun rose into the radrometer beams After observmg 1t for a
few rotations to check the magnetometer ahgnment we powered down the radiometer and gave
the command to release the gondola from the balloon Nothrng happened A long hour later,

| it became‘ clearthat desplte four explosrve bolts with redundant command crrcuits and power

supplles the termlnation ﬁttlng remained connected The balloon and gondola stayed aloft that

day, losing altitude and finally drifting out of telemetry range the following night. o

v

Aenal searches for the s1gnal from the on-board radio beacon were hampered by bad

et . RPN

weather and by poor posrtlon ﬁxes for the balloon s last known locations The searches dld not

locate the gondola durmg the beacon s three-day llfetlme Subsequent searches and reward offers

(Flgure 3.4) were also unproductlve and the gondola has not been recovered

3.2.5.3 Post Mortem

The down-linked analog telemetry data, intended for real-time monitoring (or worry)
. -but not for data analysis, is of questionable quality. The onboard volt_age—controlled—oscillators
apparently drifted considerably, and much telemetery was contaminated w.ith dropouts and
. interference. I}Ievertheless, downlinked data was. recorded on the ground and has since been

.digitized. Some useful engineering data has been obtained from the Brazil flight, including limits
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RECOMPELENSA

- Cr§450.000,00 (QUATROCENTOS E CINCOENTA MIL CRUZEIROS)

PARA INFORMACOES QUE LEVEM A RECUPERACAO DE UMA
CARGA CIENTIFICA EM BALKO.

A CARGA, UMA CAIXA DE METAL DE APROXIMADAMENTE
IM x 2M x 1M, DEVE TER CAIDO APROXIMADAMENTE EM 26 DE
NOVEMBRO DE 1982 NA REGIAO PROXIMA DE CORNELIO PROCG
PIO, MOSTRADA NO MAPA EM ANEXO. '

JUNTO COM A EXPERIENCIA DEVE ESTAR UM PARAQUEDAS
COR LARANJA BRILHANTE E PODE SER VISTO DO AR.

PEDACOS DO BALAO, DE PLASTICO BRANCO, DEVEM ES
TAR POR PERTO.

PARA MAIORES INFORMACOES LIGUE, A COBRAR PARA:

DR I M MARTIN
INST’ITUTO DE PESQUISAS ESPACIAIS - INPE
CAIXA POSTAL 515 - 12.200 S J DOS CAMPOS - SP
TELEFONE: (0123) 22-9977
X QUALQUER HORA DO DIA OU NOITE

Figure 8.4. Reward notice for gondola.
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on pointing accuracy. The reward for information leading to recovery of the onboard data cassette

is still outstanding.



4. Data Reduction and Processing 59

" Chapter 4

Data Reduction and Processing

. 4.1 Data Format

Tile Bokcar-integ;'ated radiometer output and the horizontal magﬁetometer values weré
recofded oﬁ tiie on-board tape cassette every 2.1 seconds. Every 6.3 seconds, the Hall probe
magﬁetometer vﬁlues were written, and sixteen housekeeping signals were recorded once in every
25 second (12 integrator output) record along with Universal Time and some digital status bits.
Gondola altitude and position, determined by a pressure transducer and an on-board OMEGA

navigation receiver, were recovered after the flight from the downlinked telemetry data.

In Berkeley, the data on the flight cassette was read and transferred to disk. Absolute
calibrations done before flight and recorded by hand were cross-checked with the values written
on pre-flight and post-flight tapes. For the November flight, in-flight calibrations done every 27
minutes (64 records) were tabulated and removed from the data. For the April flight, since the
in-flight calibrator was damaged soon after launch, observations were removed from the data but

could not be used for relative calibration.
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4.2 Beam Positional Reconstruction

The gondola position and orientation, obtained from magnetometer and tracking data,
uniquely determing the position of each beam on the sky. '.The‘ fluxgate x-y magnetometer
values, recorded ’just after each boxcar-integrated radiometer value, were interpolated to times
corresponding to the midpoint of the integration period. The midpoint and amplitude of the mag-
netometer signals were found from twenty-two minute running averages of the magnetometer ex-
trema. Removing the DC level from the magnetometer signals and normalizing their amplitudes
yielded the sine and cosine of the gondola azimuth angle with respect to the horizontal component
of the earth’s magnetic field. Correcting the magnetic azimuth by the deviation between mag-
netic and true north, obtained from National Oceanic and Atmospheric Administration sectional

navigation maps, yielded the true azimuth angle. '

Observations of the moon at the beginning of the November flight showed that the beam
azimuth anglesvw‘er_e within 1{.5 degre_:es of the values determined by the above process. Although
) daft,ba recové_red frém telemetry from the Brazil flight was not put through an i(ientical analysis,
obéervations of the lsun- at the e;1d of the ﬁight showed the deviation betweeﬁ magngtqmeter—
d_e.riw‘,’ed azimuth aﬁd true azimuth to be 0.24 0.8v degree for the direct beam angl 09+028 degree

~ for the reﬁected beam.

Gondola latitude and longitude were determined by the onboard OMEGA receiver and

-logged. on the ground. every five minutes. Comparison of the OMEGA positions with the launch
and impact locations and with FAA radar fixes showed that the OMEGA positions were accurate

in April and at the beginning of the November flight but gave a position 0.6 degree too far east

and 0.5 degree too far north for the November impact point. The November positions were

corrected for this offset by assuming the error in position was proportional to the distance from

Palestine.
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For both Texas data flights, the gondola drifted almost due east at a fairly uniform rate.
For data analysis, a linear ground track with constant speed was assumed. This approximation
was at all times within 0.5 degree of the OMEGA position (corrected, in the November case, for
the position offset). The gondola location and azimuth were then used to reconstruct the sky

position of each beam.

4.3 Data Editing and Sky Coverage

Data taken during calibration sequences, along with data taken when either radiometer
beam pointed within 25 degrees of the moon, was removed. For the November flight, the moon
cuts eliminated 25% of the first 2.3 hours at float or 6% of the total November data. Less than
0.2% of the April data was removed due to the moon. An additional twenty-minute section of
data two-thirds of the way through the April flight, during which the offset changed by four mK
and then returned to its previous value, was deleted. During that section, the RMS difference
between consecutive 25-second data averages was more than twice the RMS difference between
consecutive 25-second averages for the rest of the data. The RMS difference between consecutive
2.11-second integrator values in that section is not noticeably higher than in other sections,
indicating that the excess noise in the deleted section is at longer time scales than 4 seconds. No
other section of data showed similar behavior. Removing the section had negligible effect (less
than 15% of the one-standard-deviation statistical error) on spherical harmonic coefficients fitted
to the data. No additional non-statistical fluctuations were seen, and after the moon cuts, none
of the 29000 radiometer 2.11-second boxcar integrator values differed from a local mean by more

. than 4.5 standard deviations.

Figure 4.1 shows the density of sky coverage of all data remaining after the moon cuts
and the twenty-minute cut described above. Of the data remaining after the moon cuts, 175 of

the November data and 109 of the April data had one of the radiometer beams within 5 degrees
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of the galactic plane. These data, 13% of the total, were excluded from some of the spherical
harmonic fits discussed in the following chapter. The galactic plane is indicated by Figure 5.3 in

the next chapter, which is done to the same scale as Figure 4.1.

4.4 Offset Analysis and Removal

As stated previously, the chopper wheel introduced an offset between direct and refiected
beams of the radiometer. This offset had an average magnitlide of 201 mK in the November
flight and 225 mK in April, implying emissivities of 8.9 x 10—* and 1.0 x 10—2 for a chopper
temperature of 225 K. The offset varied by no more +2.5% in November and +2.5/ — 5% in
April (even with the deleted section vdiscussed above left in). Offset variations, except for the
delétéd"‘secti‘oﬁ, correlated fairly well with changes in the temperature measured by a sensor on

‘the in-flight calibrator.

Figures 4.2 and 4.3 show the behavior of the radiometer offset for the November and
April flights, respectively. The lower box in each figure shows the radiometer output, including
offset, averaged over 100-second intervals, and the upper box shows the calibrator temperature.
With the lockin amplifier blanked while the chopper crosses the horn, each 100-second interval
represents 80 seconds of net integration time. Moon-contaminated data are not included in
the plots, but Figure 4.3 shows the tw‘enty-minute section of the April flight deleted from later
apalysis. The smooth curve in the radiometer output plots is a ten-term Legendre-series fit to

the offset.

To remove the offset, data were averaged in 6.5-minute sections, one-quarter of the
interval between calibrations. A piece-wise cubic spline through the averages was subtracted
from the data, removing low-frequency drifts but not aflecting signals at the gondola rotation
frequency (0.81 RPM in November and 0.55 RPM in April). After the section in the April flight

-discussed above was deleted, residual offset for each 3.3 minute segment of data (half the 6.5

&
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XBB 830-10236

Figure 4.1. Sine equal-area projection of the number of observations per
pixel. Observation time equals 2.11 seconds times the number of observations.
Declination of displayed region ranges from —15° at the bottom to +&0° at
the top: RA decreases from 24 hours at left to 0 hours at right. Pixels are 5°
high in declination 6 by 3°/cos ¢ wide in RA, having equal areas on the sky

of 15 square degrees.
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Figure 4.2. November 1981 Flight: Lower figure is radiometer offset in mK,

" averaged over 100-second intervals and excluding moon-contaminated data.
Smooth curve is 10-term Legendre-series fit. Upper figure is calibrator tem-
perature in degrees C. over the same period.

~
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Figure 4.8 April 1982 Flight: Lower figure is radiometer offset in mK,
averaged over 100-second intervals and‘excluding moon-contaminated data
but showing the twenty-minute segment deleted from later analysis. Smooth
curve is 10-term Legendre-series fit. Upper figure is calibrator temperature in
degrees C. ‘ '
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minute averaging interval) was less than 2 mK except for three 3.3-minute segments of the April

flight which had residual offsets under 3 mK.

The data analysis is insensitive to the technique used to remove the offset. Fitting and
removing a 10-term or a 25-term Legendre series to the offset rather than_ a sﬁiine clig;gges fitted
parameters by less than 25% of the statistical error. Since the total variance of the data set after
removal of a spliqe fit to the offset is less than thé variance after removal of a Legendre series,
the spline is a better appi'oxi;ﬁation. Sky maps inverted from thé data after a spline has been

removed converge faster than when a Legendre series is used.

Klthou'gh no sensor directly measured the temperatilré bf the chopper wheel, an upper
limit to the variation in choppér temperature synchronous with g’ondc;la rotation can be found
using measurements of the calibrator temperature. The calibrator’s, small thermal mass and more
exposed location should make it moie. sensitive than the chopper to synchronous temperature
modulation. The temperature sensor on the in-flight calibrator sufvived Whatevgr happened
to the calibrator ‘itlsélf early in the April flight, so temperature variation could ‘b,e examined.
Synchronous variation of the calibratdr.;t,emperature was less than 0.03_? C at all times. Giving

the chopper a synchrbnoils variation of this amplitude would generate a spurious anisotropy

signal of less than 0.03 mK.

4.5 Conversion to Antenna Temperature and Correction to Barycenter

After the data edits had been made and the offset removed; the radiometer output
values were multiplied by the system calibration to yield the antenna temperature difference
betwe:e('t;l beams As is discussed further in Appendix .C, the same calibration {ra]ge was used for
both flights, and observations of the in-flight calibrator in November indicated that this value
did nﬁt"cﬁ;(znge during a flight. Observations were referred to the solar system barycenter by

subtracting from each data point the temperature difference generated by the earth’s orbital
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motion, assuming a blackbody CBR with a temperature of 2.7 K. The maximum value of this
correction to either radiometer beam is 0.22 mK, and with the 90 degree opening angle between
beams the magimum adjustment to their temperature difference is 0.31 mK. Therefore, a 30%

error in this correction would change any data point by less than 0.1 mK.
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Chapter 5

Data Analysis

5.1 Spherical Harmonic Fits
5.1.1 Results

The radiometer output is a measurement of the temperature difference between two
parts of the sky. The most straightforward way to analyze the differences is to do a least-squares
fit to a spherical harmonic multipole expansion. Table 5.1 gives the basis functions chosen, and

the fitting procedure is described in Appendix D.

The best-fit dipole and quadrupole terms, excluding data taken less than five dégrees
from the galactic plane, are given in Table 5.2. The galactic cut eliminates 17% of the November
data and 109 of the April data, or 13% of the total. The fitted terms change by less than one
statistical standard deviation when data near the galactic plane is included (Table 5.6), and they
are not significantly affected by including a galactic model term in the fits (Table 5.7). Galactic

contributions are discussed further in Section 5.1.5.

The data from the two Texas flights analyzed in this work were all taken at constant
latitude. As a result, the axisymmetric quadrupole term @;( %sin2 6 — %) and the dipole term

T. sin 6 cannot be decoupled, as can be seen from the following argument: The difference in values
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Table 5.1: Spherical harmonic basis functions.

5
T(ﬁ)=To+Toﬁ+ZQi-¢I¢(ﬁ)

g=1
6 is declination measured north from celestial equator

« is right ascension measured east from 0

fi is unit vector in direction of observation

Basis Spherical Angular Rectangular
Function Harmonic Dependence Representation
Ny - \/@(i’ll —Yi,—1) cosdcosa . z
ny z'\/—%?(}’u +Yi,—1) cosd sina y
n, \/5_3':)’10 sind 2
a VY, 4(3sin? 6 — 1) (822 —1)
0o -2 \/@(Ym —Yo_1) sin26 cos 2z2
gs 2i\/§-§(Y21 +Y2,—1) -sin 26 sin . 2yz
A 2 VB(Yor + Yo,—2) ‘cos2 §cos2a Cg?— g2
gs — 207/ (Yoz — Yo,—2) cos? § sin 2a 2zy -

* not fitted for

of the @, term betweén beams at declinations &, and 6, is Q1 (sin 6, — sin 85 )(sin 65 + sin &).
For constant balloon zenith aeclination 6, and radiometer opening angle 6, the factor §(sin 6, 4
sindy) has a fixed value equal to 3sin 6, cos(6/2) = 1.10 for our latitude. The Q; differences
are strictly proportional to the T, differences, and as a result, the @ term wasv not included in
multipole fits. The true @, component of the anisotropy, if any, will have been incorporated into
the fitted T, coeflicient by the relation T, (fitted) = T, (true) + 1.10 @; (true). All references

to T, in this thesis refer to-the fitted T, value.
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Table 5.2, Global dipole-plus-quadrupole fit in mK antenna temperature.
Data within 5 degrees of the galactic plane has been excluded. All errors are
statistical only.

Term Magnitude Correlation Coefficients

T: —2.760 4+ 0084 | | 1.000 —0.094 0.032 —0.335 0261 —0.018 0.045
Ty © 0.541 4 0,090. | - 1.000 —0.008 0.254 —0.363 —0.097 0.048
T, —0.252 4 0.076 . 1.000 . 0.090 0.100 0.078 0.235
Q- 0.118 4 0.102 1.000 —0.126 —0.053  0.007
Qs |° 0.129+ 0.100 S " 1.000 —0.033 0.161
Qs —0.050 4 0.069 ' 7 1.000  0.055
Qs |- 0.0704 0.065 | |- o - 1.000

X2 = 25811/25354

5.1.2 Data Weighting

Since the fluctuations in radiometer output throughout a flight are consistent with noise
~ having constant variance, all data from a given flight are weighted equally. The data variance
used for each flight is half the mean-squared difference between consecutive two-second integrated
output values. The square root of this variance,' proportional to the system noise temperature,
was 10.0 + 0.1 mK for the November flight and 9.9 4 0.1 mK for April. The contribution of
the dipole anisotropy signal to the RMS point-to-point differences is under 0.05%. Once this
_ﬁ:vcontri'bution is removed, half the mean squared difference provides an accurate measure of the
»tr}_ue variance of the data if the noise is white (equal power per unit frequency). If thgre is relatively
enhanced power at lo‘nger time scales, the mean squared point-to-point difference underestimates

the true variance.

The variance of the entire November data set after offset removal is 5.2 4 1.1% higher
than the variance determined from point-to-point differences; removing the dipole signal gives a

variance 0.8 4- 1.1 higher than that determined from the differences. For the April flight, the
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variance of the entire data set after offset removal is 8.8 + 1.1% higher than that found from the
differences. Removing the dipole signal accounts for about half of the excess, leaving a variance
for thg entire data set 3.1 4 1.19 greater than that computed from the poin’o—t_,o-point differences.
This excess suggests some noise power with a period longer than 4 seconds remains even after
the anomalous tv_venty-minute section (see Chapter 4) has been removed. If the weighting used
for the April data is decreased by 3% to account for the excess variance, no fitted coefficient

changes by more than 12% of the statistical error.

5.1.3 Chi-Square Statistics and Hourly Averages

The x2 value presented in Table 5.2 of 25811 for 25324 degreeé of freedojn (DOF) is not
very meaningful. Taken literally, it represents a 2% probability that the data can be modeled by
dipole and quadrupdle coefficients alone. However, x2 statistics with so many &egrees of fréledom
are very sensitive to the valﬁes used for the formal errors o; of the individﬁal datél- pomts A
1% increase in the unéertainty assigned to each of the 25000 observations lowers x2 from 25810
to 25301 and increases the confidence level from 2% to 54%. While the x2 values célglpuf;ed in
the global fits may be used to compare ope fit to another, they are not useful goodness-of-fit

_indicators in the absence of a very accurate determination of uncertainty o; of each observation.

By averaging the data in bins before fitting, the number of degrees of freedom is
drastically reduced and the x2 values are much less sensitive to the values used for the individual-
_observation errors. In addition, it is possible to determine the uncertainties in each bin average

from the scatter within the bin rather than from some external estimate of the data uncertainty.

A convenient way to group balloon-gathéred anisotropy data is to Fourier-analyze data
gathered during some interval as a function of gondola azimuth angle ¢ (Corey 1978; Cheng et al.,
1979). The dipole and quadrupole anisotropy can be determined from the cos ¢ (north — south)

and sin ¢ (east — west) coefficients alone and will not contribute to cosn¢ or sinn¢ coefficients
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Table 5.8. Dipole-only parameters determined from hourly averagés, in mK
antenna temperature. Data within 5 degrees of the galactic plane has been
excluded. Errors are statistical only.

Term - Include all Data Exclude Final Interval
of Each Flight
T. —2.74 4+ 0,08 —2.75 4 0.09
Ty 0.55 + 0.08 0.54 4 0.08
T, —0.2840.07 - —0.29 4+ 0.08
Chisquare/DOF 46.42/39 33.24/35
Confidence 19.3% 55.3%
Level

for n > 1. No anisotropy power of any order is contained in coefficients with even 7, since any
. celestial signal must change sign as the gondola rotates 180°. The expressions relating the dipole
and quadrupole parameters to the cos ¢ and sin ¢ coefficients and the radiometer opening angle

_ are given in Appendix G.

The 90 GHz data has been binned into 54-minute intervals (two calibration segments)
"‘ for which cds¢ and sin ¢ Fourier coefficients have been determined. The dipole-only anisotropy
. -determined from the Fourier coefficients is given in Table 5.3, and the dipole-plus-quadrupole fit
is presented in Table 5.4. Figure 5.1 shows the hourly siqe and cosine coefficients. The curves in
Figure 5.1 are the coefficients which would be generated by the combined dipole and quadrupole
anisotropy in Table 5.4. The residual sine and cosine coefficients between the data and the
dipole-only fit are shown in ﬁgure 5.2 along with smooth curves giving the difference between the

dipole-plus-quadrupole fit and the dipole-only fit.

Since the individual two-second observations are spaced 7 to 10 degrees apart in azimuth

angle, short segments of data do not provide good azimuthal coverage. As a result, Fourier
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Figure 5.1. Hourly sine and cosine anisotropy coefficients. Data within 5
degrees of the galactic plane has been excluded. Curves are the sine and
cosine terms corresponding to the dipole-plus-quadrupole fits in Table 5.4.
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Figure 5.2. Points are residuals between hourly sine and cosine anisotropy

coefficients and the dipole-only fit given in Table 5.3. Curves are the difference

between dipole-pli;s-quadrupole (Table 5.4) and dipole-only (Table 5.3) fits.
. Data within 5 degr;ee.g gf _Lh,e galactic plane has been excluded.
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analyses were done for each 54-minute interval in its entirety. The errors of the hourly coefficients
are not determined from a scatter of ‘i:ndividual coefficients, as would bélpgobs_‘sib!e if coefficients
for many small inteﬁals were averaged, but instead represent statistical errors of the Fourier fits.
The same individual-observation uncertainties used in the glébal spherical harmonié fits are also
used to estimate efrors in the Fourier coeficients. Since the fits in Table 5.4 have 35 degrees of
freedom, as opposed to the 25324 in Table 5.2, t]ll;% x2 value in Table 54 is much less sensitive

to small changes in the individual observation uncertainties.

The X2 fér the (iipOle—only fit in Table 5.3 is 46.42 for 39 degrees of freedom (19.3%
confidence level). Adding quadrupole terms (Table 5.4) reduées x? to 42.07 for 35 DOF without
improying the confidence level (19.1%) and barely changing the dipole terms, showing that
quadﬁipole terms are not combel]ed by thé data, The valué 6f xb2 is slightl} iljghér tﬁan statistical
error alone would» be expected to generate. Essentially all the e_xces's is cbntributed by t]‘1e last
intervais in botﬁ t‘,he>17\Iovember and April flights: the last November point (RA 7.09 hours)
contributes a x2 of 7.31, and theé last ‘April point (RA 20.12 hours) contributes 5.78. - This

- allocation of the chi-square motivated a search for systematic effects which could hdve influenced
* ‘the ends of thé flights. Positional error should be minimized-at the end of the flight since the
impact point is well determined. Synchronous heatihg effects were not detected in the calibrator
temperature sensor and would be highly unlikely in the November flight, which ended at a local
“solar time of 04:23 when the suh was 20 degrees below the horizon. At the end of thé Apﬁl ﬂight
" (06:18 local solar time), thé sun was 14 degrees above the horizon or 9 degrees above horizontal
*(the horizon ‘at balloon altitude being 5 degrees below -horizontal). The sun was therefore 36
degrees off the beam and should not have contributed a detectable signal unless diﬂ'ract,ion over
the groundshields has been grossly underestimated (see Section 5.3.1.5). The top one-half inch

or so of the chopper wheel may have been directly illuminated at termination.

Fits were done excluding the last hourly coefficients in each flight to test the sensitivity
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- Table 5.4. Combined dipole-plus-quadrupole anisotropy determiﬁed from
hourly coefficients, in mK antenna temperature. Data within five degrees of
the galactic plane has been excluded; errors are statistical only.

Term ‘ Include all Data . . Exclude Final Interval -
of Each Flight
T, —2744+009 | —2.714+009 .
T, ’ 0.55 4 0.09 : 0.49 4- 0.10
T, ‘ —0.25 4- 0.07 : —0.28 4 0.08
Q. 0.11 4 0.10 0.05 + 0.1
Qs 0.12 4 0.10 0.18 4 0.11
Qs —0.03 4+ 0.07 » 0.03 4 0.07
Q;, 0.08 + 0.06 v . 0.02+ 007
Chisquare/DOF 42.07/35 29.51/31
Copfidence g 19.1% - ' 54.3%
Level

~of the fits fo those. points. The resultant parameters, given in the second columns of Tables 5.3
and 574, change by less than one statistical standard deviation. The x? for the dipole-only fit
drops; to 33.24 for 35 DOF, with the confidence level rising to 55.3%. The dipole-plus-quadrupole
x2 becomes 29.51 for 31 DOF at the 54.3% confidence level. Althoﬁgh it is certainly not valid
to exclude data simply be_zcause they generate large contributions to x2, it is reassuring that the
dip‘.ole and quadrupole pgramgte_rs do not change significantly when the possibly discrepant points
are deleted. Since no una_mbiguous evidence of systematic error in the ends of the flights could
be__found, all data were used in the global fits. Systematic error is explored further in Section

5.3.

5.1.4 Individual Flight Dipole Fits

Each of the November or April flights, taken alone, covers about half the northern sky.
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Combined dipole-plus-quadrupole fits to data with such limited sky.coverage are highly correlated
and are not very useful. Howew;er,' di‘pole-only ﬁts» to each individual flight gi\"e meﬁningful results
which are shown in Table 5.5 along with the dipole-only fit to the two flights combined. Using
the comparison analysis described in Appendix D, the difference between the two single-flight

dipole fits is consistent with zero at the 21% confidence level.

5.1.5 Galactic Effects and Models

Oné of ‘thle prime motivations fbr measuring anisotropy eit_ QO G.Hz was to minimize the
galactic contribution. This hope appears to have been fulfilled. Including or excluding the galactic
plane has little effect on dipole and quadrupole fits, as is shown in Table 5.6. Galactic emission at
90 GHz is thought to be dominated by thermal emission from interstellar dust. However, maps
of the galactic dust distribution, inferred from infrared einissif)n, havé not yet (i.e. pre-IRAS)
l?een lﬁade ov;er large‘ areas. Two models for galactic em_issioﬁ at 96.GHz, éonvoived over the
radiometer Bedﬁwidth, were therefore constructed. The simplest is a slab galaxy, modeled by a
cosecant distribution in galactic latitude which levels off five degrees from the plane. Since dust
and neutral hydrogen are correlated, a bet:ter estimﬁte of the dust distribution may be given by
sur;reys of neutral hydrogen emission at 21 cm wavelength. Two surveys covering the northern sky
(Heiles and Habing, 1974; Weaver and Williams, 1973) were integrated over the velocity-dispersed
line profiles and convolved with the radiometer beam to form the second galaétic model, which

is shown in celestial coordinates in Figure 5.3.

¢

Fits including galactic models are given in Table 5.7. The fitted “galaxy model”
coeﬁicient in Table 5.7 represents gal'actic_emission averaged over the region within five degrees
of the galactic plane, in mK. Galaxy model 1, the truncated cosecant law, has maximum and
average values within five degrees of the plane of 11.5 with respect to its value at the pole. Model

2, the convolved neutral hydrogen map, reaches a maximum value of 34 times its polar value at
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Table 5.5. .Dipole-only fits to individual flights and to combined’ flights in

mK antenna temperature. Data within five degrees of the galactic plane has
been excluded, and errors are statistical only. ' ‘ '

November Flight

Term Magnitude Correlation Cdeﬁicients
T: —2.532 4 .136 1.000 0.319 0.553
Ty 0.725 4 .147 ' 1.000 - 0.509
T, —0.039 4+ .146 1.000
X2 = 11465/11296
April Flight
Term Magnitude Correlation Coefficients
Ty . -—2.8334 .114 1.000. 0.220 —0.369
Ty 0.514 4 .113 1.000 —0.379
T, " =0.3104.110 1.000
x? = 14346/14059
Both Flights
Term Magnitude Correlation Coefficients
T, —2.757 4 .077 1.000 0.075 0.042
Ty 0.545 4 .080 1.000 —0.009
T, —0.283 4 .073 1.000
2 = 25816/25363
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XBB 830-10234

Figure 5.8. Sine equal-area projection of 21-cm HI emission in the northern
sky, used for galaxy model 2. Map coordinates are the same as for Figure
4.1. Units are proportional to integrated 21-cm line strength averaged over
a frequency range which includes most galactic HI emission. Data are from
Heiles- and Habing, (1973) and Weaver and Williams, (1974).
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Table 5.6. Effects of galactic cuts on dipole-plus-quadrupole fits, in mK
antenna temperature. All errors are statistical only.

Term No Galactic Cut Cut |b|< 5° Cut |b| < 10°
T —2.73 4+ .08 —2.76 4+ .08 —2.77 4 .09
Ty 0.47 4- .08 0.54 4 .09 0.56 4 .10
7 i =029 4- 0T —0.25 4+ .08 —0.22 4 .08
Q- 0.18 4 .10 0.12+ .10 0.14 + .11
Qs 0.19 4- .09 0.13 4+ .10 0.11 4 .11
Q4 —0.06 4 .06 —0.05 + .07 —0.04 4 .08
Qs 0.05 4+ .06 0.07 4+ .06 0.05 4 .07

Number of
Points 29161 25363 21691

one spot on the galactic plane and averages 23 times the polar intensity over the band within

five degrees of the galactic equator.

Table 5.7 implies an averaged galactic emission over the region less than five degrees from
the galactic plane of 0.534+ 0.22 mK for model 1 and 0.504-0.21 mK for model 2. Neither galactic

model yields a significant fit when data within five degrees of the galactic plane is excluded.

5.2 Sky Maps

In addition to being fitted to spherical harmonics, the data can in principle be inverted
to yield a map of the sky. Formally this involves a least-squares fit of the data to coefficients
representing the temperature of each pixel in the inverted map. Since the data are insensitive
to the addition of a constant to all points in the map, an additional parameter such as the
temperature of a given cell must be specified to determine the solution uniquely. Furthermore,
depending on the sky coverage and the interconnectedness of the data (i.e., the way in which map

elements are linked to each other by measurements), other degeneracies can exist. With balloon
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Table 5.7. Dipole-plus-quadrupole fits, in mK antenna temperature, with
and without galactic models. Galactic model coefficients represent emission
averaged over the region within five degrees of the galactic plane. Correlation
coefficients between the galactic terms and multipole parameters are shown;
coefficients among the multipole parameters are similar to those given in Table
5.2. No galactic cuts were made, and all errors are statistical.

Fits Galaxy Term
Correlation Coefficients
No .
Term Galaxy Model Model 1 Model 2 Model 1 Model 2
T —2.73 4+ .08 —2.724 .08 | —2.72 4 .08 .05 .04
Ty 0.47 4 .08 0.49 4 .08 0.50 + .08 .10 12
T, —0.22 4+ .07 —0.254 .07 | —0.25 & .07 —.19 — .17
Q2 0.18 4 .10 0.06 4 .11 0.05 4 .11 — 47 —.50
Qs 0.19 4 .09 017+ .09 | 0.16+ .09 —.09 1
Q4 —0.06 + .06 0.034+ .08 | 0.03+ .07 54 49
Qs 0.05 4 .06 0.11 4 .06 0.10 4 .06 .39 .28
Galaxy
Model 1 —_ 0.53 4- .22 —_ 1.00 ——
(mK, equatorial) |.
Galaxy
Model 2 — _— 0.50 4 .21 —_— 1.00
(mK, equatorial)
X2 29760.39 29754.78 29754.15
DOF 29153 29152 29152
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data taken at a single latitude, the radiometer compares the sky at one declination with exactly
one other declination. An intensity distribution independent of right ascension and symmetric in
declination about the midpoint between the two beams will not be seen in, or recoverable from,

differential measurements.

Making a sky map with 3 degree by 5 degree pixels from this data set is equivalent to
inverting a 2269 by 2269 matrix whose non-diagonal terms represent the differential measurements
connecting different pixels. Fortunately for the analysis but unfortunately for the quality of the
end result, very few (20000) of the over five million terms are non-zero. Details of the iterative
Gauss-Seidel inversion used to create a map are given in Appendix E. The iterations converged,
but since the matrix is poorly conditioned, it is not clear how well the solution represents the

original intensity distribution.

A reconstructed sky map from the flight data is shown in Figure 5.4. Spherical harmonic
fits to the map qualitatively recover the coefficients found in direct fits to the data for both flight
data and Monte Carlo flight simulations. However, the quantitative agreement between direct fits
and fits to reconstructed maps is poor, with there being only a 1% chance that the fits represent
the same data set when considered as independent measurements. Furthermore, the inversion
procedure introduces noise. In maps reconstructed from flight data, the chi-square for spherical
harmonic fits to the map increased with the number of iterations performed in inverting the map.
Comparison of single and double precision inversion routines showed that numerical error was
not responsible for the increase. The same increase in noise was observed in fits to maps inverted

from Monte Carlo flight simulations.

5.3 Systematic Error Analysis

Errors quoted in the fits earlier in this chapter represent only statistical uncertainty

resulting from radiometer noise. Two kinds of systematic errors must also be estimated — those
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XBB 8311-10235

Figure 54. Reconstructed 90 GHz sky mapas a sine equal-area projection
in the same coordinates as Figures 4.1 and 5.3. Scale runs from -8 to 8 mK.
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such as atmospheric or galactic emission which can generate spurious signals, and those such as
pointing errors which can have the effect of generating quadrupole terms from the existing dipole

anisotropy.

5.3.1 Errors of the First Kind

5.3.1.1 Galactic Sources

At centimeter and longer wavelengths, galactic emission is primarily synchrotron radia-
tion (antenna temperature T, ~ v—2%) and thermal brehmsstrahlung emission (7, ~ v—21).
Bounds on these contributions are obtained by scaling lower frequency surveys. Scaling the
Haslam et al. (1982) 408 MHz galactic survey, which is dominated by synchrotron radiation,
limits the maximum synchrotron contribution anywhere in the sky at 90 GHz to under 0.1 mK

when convolved over the radiometer beamwidth.

Data on thermal emission from ionized hydrogen regions has been collected, convolved
with a 7 degree beam, and referred to 33 GHz by Witebsky (1978). Scaling these data to 90
GHz with a temperature spectral index of —2.1 gives a maximum intensity of 0.5 mK on the
galactic plane for the Cygnus arm of the galaxy. The maximum value more than five degrees off

the galactic plane is about 0.1 mK.

At millimeter wavelengths and shorter, dust emission is the primary galactic con-
taminant. The spectral and spatial distribution of dust emission is poorly known, and obser-
vations made at other frequencies cannot be scaled to 90 GHz (3 cm™1!) as easily for dust as for
- thermal and synchrotron radiation. Owens et al. (1979) measured dust emission in the galactic
plane in the 10 to 25 cm™! band. For a source having an emissivity proportional to frequency
squared over that band, their observed flux corresponds to antenna temperatures at 22 cm™!

averaging about 28 mK on the galactic plane between 0 and 45 degrees galactic longitude. Only
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one source, having a peak antenna temperature of 15 mK, was found more than five degrees
- off the plane. Owens et @¢l. state that their “best guess” for scaling observations to different

frequencies is to take the emissivity to be proportional to frequency squared.

The best experimental limits to the intensity of dust emission at 90 GHz are the fits
to galactic models in this thesis. These show the galactic emission less than five degrees from
the galactic plane to be on the order of 0.5 mK. Any diffuse thermal emission, which was not

included in the compilation by Witebsky (1978), is included in this limit.

‘Possible effects of diffuse off-plane galactic emission on multipole fits were investigated
by generating simulated observations of an extended soufce in the region of the bﬂ‘-plane emission
reported by Owens et al. The worst-case source intensity is given by scaling the 15 mK Owens
et al. intensity to 90 GHz (3 cm™!) using a temperature spectral index of 1.5. The center
frequency of the Owens et al. apparatus for a source with that spectral index is 16.7 cm™! (S.
Meyer, private communication). Scaling from 16.7 cm™! with a temperature spectral index of
1.5 gives a source intensity at 3 cm™! of 1.1 mK. Such a source would -contribute 470 uK to

Q> and would change the other dipole and quadrupole terms by less than 50 uK.

5.3.1.2 Iﬁterplanetary Sources

Atzétill shéréér wavelengths ( 1.0 fo iOO micron), the dominant source of diffuse emission is
Iike]y to be inte:r'planetary dust particles (zodiacal light). Zodiacal emissioﬁ at wavelengths longer
: than its peak at about 10 microns is not well characterized. Measurements are not inconsistent
with a 300 K spectrﬁin having an emissivity proportional to frequency and an opfical depth at 10
microns of about 5 X 10™% (NASA, 1977). This spectral dependence gives a zodiacal contribution

of tens of nanokelvins at 90 GHz.
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5.3.1.3 Ionospheric Free-Free Emission

" A more local source of extraneous radiation is the residual atmosphere above the balloon.
Corey (1978) has calculated a firm upper limit of 0.6 mK on ionospheric free-free émission at 19
GHz with a probable value significantly less than that. The antenna temperature of thermal free-
free emission is inversely proportional to frequency squared, so the corresponding upper bound

at 90 GHz is a negligible 0.03 mK.

5.3.1.4 Atmospheric Molecular Emission

Molecular emission from the atmosphere can be estimated from the emission. line para-
meters of atmospheric constituents, together with a description of atmospheric physical para-
. mlgters{as a functiqn of altitude. The Air Force Cambridge Geophysical Laboratory has compiled
line parameters from the radio to the optical (referenced in Weiss, 1980), and the 1962 U. S.
. Standard Atmosphere (Cole, 1965; tabulated in Ulaby et al., 1981) describes atmospheric physical
properties_.” Calculgted zenith atmospheric emission at 30 km is shown in Figure 2.2 for frequencies
less than 150 GHz. At 90 GHz, the dominant contribution is 5 mK from the pressure-broadened
wings of oxygen magnetic dipole transitions centered at 60 and 120 GHz. Wings of rotational
water lines, the nearest of which are at 22 and 183 GHz, add another 0.2 mK. The ozone
spectrum is full of rotational lines in the microwave region, but the 90 GHz radiometer RF
passband between 88.4 and 91.6 GHz does not include any major ones and at 30 km picks up
abc;ﬁt 0.1 mK fr:)m oioﬁé vlin‘e wings. Both the zenith column density and the l‘ine widths %;;crease

with pressure, so off-peak atmospheric emission grows faster than linearly with pressure. At 27.5

'km, the oxygén emission is 15 mK and it increases to 40 mK at 25 km.

For a layered slab atmosphere with zenith temperature T;, the emission at zenith angle

O is given by
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T(8) = Ty sec ©. | (5.1)

A gondola tilt angle of Af generates a difference between the beam zenith angles of 2A4 and a

differential atmospheric signal of
T(©, Ad) = 2T sec O tan 8BA4. (5.2)

For radiometer beam zenith angles of 45 degrees at 27.5 km altitude, the atmospheric signal is

23 mK and the differential atmospheric signal is 0.8 mK per degree radiometer tilt.

5.3.1.5 Ground Pickup

The earth has a radiometric temperature on the order of 300 K at 90 GHz. The antenna
sidelobe pattern, together with the groundshields, must therefore provide 65 db of rejection to
ensure that radiation from the ground contributes less than 0.1 mK. Since it was not possible to
measure the far-sidelobe radiometer response after the gondola was lost, we instead calculate an

estimate of the power diffracted over the groundshield.

The groundshield is modeled by a cylindrical cone having an opening angle equal to
that of fhe actual hexagonal shield, with a radius equal to that of the hexagon's inscribed circle.
For the calculation, the horn aper’ture is taken to be in the center of the cone, 12.7 cm below
the plane of the cone’s edge, and pointing upwards at a 45 degree angle. (The real horn was at
the same depth and angle but was set back 4.3 cm behind the chopper wheel, which was at the

center of the shield.)

At each point on the edge of the shield, the far-field antenna pattern is used to determine
the antenna gain. However, with the far-field approximation strictly valid for regions farther than
7a?/\ ~ 60 cm, with a the horn radius, using far-field patterns for the groundshield edge 33 cm

away is not strictly justified. Radiation from each region on the ground is assumed to diffract
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over only that section of the groundshield edge directly between it and the horn. Fresnel theory
for diffraction over a conducting straightedge is used to compute the ratio of the power diffracted
into the horn to the power 1nc1dent (Born and Wolf, 1964, p. 578). The dJﬂ‘ra.cted power over
each portion of the edge, multiplied by the appropriate antenna gain, is mtegrated around the

groundshield to give the total diffracted contribution. .

 The intensity of radiation diffracted over a conducting edge is polarization-dependent.
In the polarization accepted by the horn, E field parallel to the shield edge, the interior shield

diffracts an estimated 0.03 mK into the horn. Diffracted power in the rejected mode i$ 0.98 mK.

.The ‘accurecy of thls ce,lculatron in light of the assumptions .made xsﬂcertamly not high.
However, several factors mdxca,te that ground contamlnatlon may be less than that estlmated here.
On all ﬂwhts there was shleldmg in a,ddltron to the 1ntenor hexagonal shleld In November, 1981,
panels extendmg the hexagonal groundshleld horlzontally for 13 cm were attached to all erx sxdes,
requiring ground radiation to diffract around two edges to reach the horn. On the April, 1982
ﬁi’ght, a second groundshield completeljr surrounded the gondola; the tops of the two shields were
at the same height which'again required ground radiation to diffract twice in order be detected.
Furthermore, only the anisotropy in diffracted ground radiation can oonteminate CBR aniéotropy
data. Although the radiometric temperature of seawater is on the order of 100 K less than that of
land (Ulaby et al., 1981), atmospheric emission reflected off the water and also added between the
ground and the balloon mirimize the observed temperature difference between land and water.
Since power from near the horizon dominates the diffracted contribution, the atmospheric path
lengths are long enough for their optical depth to become appreciable. If the maximum antenna
temperature difference from horizon to horizon is 30 °C, the effect of anisotropic ground emission

is an order of magnitude less than the total power diffracted into the horn. -
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5.3.1.6 Balloon Contributions.

The bal‘loon emits thermal radiation and also reflects power from the ground. Both
contributions are negligibly small. The absorption coefficient of polyethylene was measured to
be 1.5 x 10—2em™" at 90 GHz. The balloon thickness ¢ is 0.5 mil = 1.3 x 10—% cm. Averaging
the 4772t volume of the polyethyleﬁe membrane over its ﬁrojected area of 7r? gives.'an average
pi'ojected thickness of 4¢ or 5.2 X 102 cm, for a mean optical depth of 7.8 x 10—5. At a physical

temperature of 300 K, the balloon would have a brightness temperature of 23 mK.

The reflection coefficient for a thin dielectric film of thickness ¢ and dielectric constant

n at normal incidence is

2
R=(41mtn—1) .
A n41)

For a 1.3 X 10—2 c¢m film of polyethylene (n & 1.5) at A = 0.33 cm, R == 2.1 X 10—%. Reflected
earth power will have a brightness temperature of R X 300 K or 62 mK. Although the reflection
'éoeﬂici‘ent; increases as the angle of incidence increaseé,“ reflection paths having incidence angles

: 'greéter'than 50 dégrees do not intercept the earth and need not be considered.

Summing the two cdhtributions 'gives the balloon 2 brightness temperature of 87 mK
when viewed head-on. Since all points on the balloon are at least 29 degrees off the antenna
axis, the antenna gain over the balloon is less than 3.0 x 10—5. Using this bound as an upper

limit and integrating over the balloon gives a maximum emitted plus reflected contribution to

the radiometer signal of 23 uK.

5.3.1.7 Synchronous System Modulations

Modulations in system parameters (gain, offset) synchronous with gondola rotation will
be interpreted as a spurious anisotropy signal. As discussed in Chapter 3, signals generated by

rotation within the earth’s magnetic field are under 0.1 mK; variations in the chopper wheel’s
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physical temperature bounded in Chapter 4 induce a signal less than 0.03 mK. Variations of the
second.(non-cryogenic) IF amplifier temperature synchronous with balloon rotation were found
‘ to be less than 6.025 °C during ﬂight. With the temperature dependence of the second IF gain
measured to be less than 0.5% per degree C, temperature-mduced gain variations acting on the

200 mK offset generate a spurlous synchronous srgnal of less than 30 uK
5.3.2 Errors of the Second Kind

5.3.2.1 Calibration Uncertainty

‘Determina_tion of the system calibration constant, known to 46%, is discussed in
. Appendix C. The calibration_was vfound to be the same throughout a flight ( to 1%) and from one
| ﬂrght to another (to 3%) Unmodeled variation in the system calibration from flight to flight or
within a ﬂrght would be a source of error which would have the effect of takmg part of the dipole
amsotropy and attrlbutlng it to hlgher order moments These errors were bounded by sens1t1v1ty
studies in which the system gain was assumed to vary within or between ﬂlghts The consequent
changes in the values for fitted multrpole parameters lndlcate possrble eﬁ‘ects of calibration errors.
‘ Varylng the relatlve November to Aprrl ‘calibration by +3% changes the fitted value of T; by 40
#K, Ty and T, by less than 20 pK, the quadrupole parameters Q2 and @3 by less than 10 pK,

and @4 and Q5 by less than 20 K.

The error in the absolute calibration of 6% cannot put dipole power into the quadrupole
terms. Instead, it introduces an uncertainty in each coefficient proportional to the coefficient’s
" magnitude and is significant only for T,, where the 170 uK absolute’ calibration uncerta'inty is

o

-the dominant error.

.
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5.3.2.2 Pbinting Errors

- Errors in determining the gondola orientation can also redirect the dipole anisotropy
into other dipole or higher order terms. Moon and sun observations in Texas (November, 1981)
and in Brazil (November, 1982) indicate that the azimuth angle of the radib'meter beams is known

to 41.5 degrees. Total error in the radiometer beam positions is taken to be less than 42 degrees.

: Sensitivity studies wefe done in which the calculated 'azimuth angle of the gondola was
skewed by +2 degrees for the November and- April ﬂights. Since different magnetometers were
used for the two flights, the errors in azimuth for November and for April are noﬁ necessarily
correlated, so the results were added in quadrature. The tptal change in the T, component was
less.than-‘20 pK, Ty less than 70 uK, T, less than 50 pK, Q2 and Q3 less than 40 K, and Q4

and Q5 less than 30 yK.

5.4 Summary and Conversion to Thermodynamic Temperature

The breakdown of the total estimated errors on the multipole parameters given in Table
5.2 are shown in Table 5.8. The specified contributions itemized in Section 5.3 are listed along
with the statistical errors, and all components are summed in quadrature to gi've the total error

in microKelvins.

The dipole and quadrupole anisotropy coefficients, with total errors, are given in Table 5.9
both in antenna temperature and in thermodynamic temperature corresponding to a 2.7 K CBR
temperature. The conversion from antenna to thermodynamic temperature is discussed more fully

in the following chapter.
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Toble 5.8. Contributions to total error of dipole and quadrupole parameters,
in microKelvins. : Co

Term -| Statistical | Absolute Relative Pointixfg Total
' Error Calibration | Calibration Error Error
T 80 _ 170 40 20 190 7}
Ty 90 30 20 70 120
STy 80 | 20 20 50 100
Q. 100 10 10 40 110
Qs . 100 . 10 10 40 110
Qs 70 0 20 30 80
Qs - 60 o’ “20° 30 70

';T'.ab‘l'e’ 5.9. 'Dipdle-plus-Quadrupole anisotropy at 90 GHz in zihte'nnd tem-
_perature and in thermodynamic temperature. Error estimates include sys- -

tematic errors.

Term

Antenna Temperature

Thermodynamic Temperature

(for Tcar = 2.7 K)

Qs

Qs

T,

S Tz‘v ORI I

Q4 .

—2.76 4+ 0.19
0.54 4 0.12
'0.25 4 0.10
0.12 + 0.11
0.13 4 0.11
- —0.0540.08 - .
0.07 4 0.07

.

—3.40 4 0.23

0.67 4 0.15
—0.31 4 0.12
0.15 4+ 0.14
0.16 + 0.14
—~0.06 &+ 0.10
0.09 4 0.09
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Chapter 6

Interpretation ‘

6.1 ‘Dipole Anisotropy

The dipole anisotropy measured by this experiment is presented with total errors in

Table 6.1. Table 6.2 repeats these results in spherical coordinates and also includes results of the
tmost lrecent publications by the Princeton and tﬁe Berkeley groups. Not included in Table 6.2
is Lubin et al., (1983a), the injtia] publication of the results reported in this thesis. Those initial .

_ resﬁ]ts diﬁ'er from the ones reported here priﬁarily in a 6% (1 o) adjustment of the value used
forv the system calibration. The calculation of system gain used in the initia! results included a
tefmx based on the in-flight pop-up calibrator observations which increased slightly the calibration
(mK/volt) at altitude relative to that on the ground. _ Further analysis has shown that the pop-up
calibrator observations én the ground were not sufficiently well-determined to justify the increase,

. and no such correction has been applied in this work. See Appendix C.

6.1.1 Direction

The direction of the dipole measured by this experiment agrees with that of the others

in Table 6.2 except for a statistically significant discrepancy in declination with respect to Smoot
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Table 6.1. 90 GHz dipole-only anisotropy in antenna temperature and in
thermodynamic temperature for Tcpr = 2.7 K. Data within five degrees of
the galactic plane has been excluded, and error estimates include systematic

€Irors.
Term Antenna Tempera_tur_e Thermodynamic Temperature
o (for Tcpr = 2.7 K)
T: —2.76 4 0.19 ~3.40 4+ 0.23
Ty 0.54 4 0.11 0.67 4+ 0.14
T, —0.28 4 0.09 —0.354 0.11

and Lubin (1979). In the comparisons, dipole-only fits are quoted for experiments not claiming
significant quadrupole terms. The dipole-only fit should equal the dipole part of a dipole-plus-
quadrupole fit if there is no significant quadrupole power and if there are smalj cprrelations
between dipole and quadrupole terms. A comparison of Tables S.Q and 6.1 shows that the dipole-
only ‘and the dipole-plus-quadrupole fits agree quite well for this éxpefiiﬁent. Although Fixsen
etal (1983)"found 1o evidence for a'dﬁédrui)olé, their 7, and Q1 c‘oin'poﬁeﬁtrs :arevr‘at.her highly
"cbrréiéied (correlation coefficient = —;0.70). The dipol; resuit quoted iﬁ 'I"éble 62 fdf f‘ixsen
‘et al. has B'eelﬁi;reconstructed‘ from their dipo]e—plﬁs—quadrupole fit ny inverting ﬂhe sblﬁiidﬁ vector

" and error matrix to recover their original datba vector and moment métrix, and :soh"ir.lg égain for
K ‘only the di"pble terms. The Fixsen et al. dipolé-only result in Table 6.2 has a deélinatiéi; 3 degrees
rﬁﬁfé'.bbs‘itivéiﬁd a riglif ascension 1 degree greater than their dipole-plus-duadrupc;ie fit. The
Fixsen et ol &:ipbﬁle‘ diréction agrees very well with this measurement. o
Comparison of this experiment to Boughn et al. (1981) is complicated by the quadrupole
anisotropy claimed by Boughn et ol If the quadrupole were real, then dipole-only fits with
incomplete sky coverage would be corrupted by quadrupole power and would not rgpre_sent the
true dipole anisotropy. Boughn et al. give data for the dipole and four of the five quadrupole

components, with T, (fitted) = T, (true) + 1.1 Q;. Their quoted dipole anisotropy, given
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- Table 6.2. Comparison of dipole anisotropies measured by different experi-
ments. Magnitude is mK thermodynamic temperature for Tcpr = 2.TK.

Reference Frequency | Magnitude "Right Ascension | Declination
(GHz) (mK) (degrees)  (hours) ..(degrees)
This work 90 3484+ 0.24 | 16884+ 1.9 | 11.340.1 | =57+ 1.8
Fixsen et al.,! 24.5 3124018 | 169.24+16 | 11.34+0.1 | —534+ 1.6
1983 B ' ' ' ]
Smoot and Lubin, 33 3.1404 17246 11.54-04 9.6+ 6
1979 ' : ' e
Boughn et al.,2 . 19, 24.8, 3.78 4+ 0.30 1744+ 3 1164 0.2 —1245
1981 31.4,46 o ~ -

'1Dipole-onl¥ fit recon'strpcted' according to Section 6.1.1. Table 1.1 entry is ciipéfe
portion of combined dipole-plus-quadrupole fit. .

| '>2Di'pol‘e portion of combined dipole-plus-quadrupole fit.

in Table 6.2, is the dipole part of the combined dipole-plus-quadrupole fit, with the fitted T,
converted to true T, by removing the @; term of 0.38 4 0.26 reported by Smoot and Lubin
.(1979). If the same dipole-only reduction used on Fixsen.et al. is applied to Boughn et al,, the
dipole declination becomes —6+ 5 degrees and the right ascension decreases to 171 degrees (11.4
hours), which is in better agreement with this experiment. The magnitude of the rec_onstrucfed

Boughn et al. dipole-only fit is 3.74 4 0.30 mK.

6.1.2 Magnitude

The magnitudes of the dipole results are qualitatively in agreement. They are reported
in Table 6.2 as thermodynamic temperature anisotropies assuming a CBR 2.7 K blackbody
* spectrum. A simple weighted average of their amplitudes is 3.33 4- 0.12 mK. The x? value of the
entries with respect to this average is 4.38 for 3 DOF, with over half coming from the Boughn

'+ et ql. measurement. The confidence level is 22%. In order to account for the direction as well

* :in the average, a’quantitative analysis would need to generate an effective total moment matrix
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and data vector for the four experiments, solve the combined system, and compute the total

x2 for comsistently-defined solutions (e. g all dipole-only fits). Thls procedure is stnctly valid
for experiments dominated by statistical error, which is not the case for the ones here Slnce
the dipole directions are in agreement, with the largest discrepancy being in the leastaheavily
weighted meaeurement,. averaging the magnitudes is an adequate indication of the consistency of

the experiments under the assumption of a 2.7 K blackbody spectrﬁm.

Since the magnitude of a motion-induced antenna temperature anisotropy depends hpon
the CBR spectral shape as well as its intensity, it is necessary to model the CBR sﬁeetrﬁﬁi in erder
- to quantxtatlvely compare the results. Conversely, by assuming that the antezma temperature
amsotroples measured at dlﬁ'erent frequencies represent the same thermodynamlc amsotropy,
information about the CBR spectrum can be obtained (Danese and De Zotti, 1981; Lubin et al.,

1983c).

" For an-arbitrary CBR ‘spectrum, the anisotropy at frequency v is given‘i'n terms of the

- .. velocity B, the intensity spectral index o, and the CBR antenna temperature T, by substituting

equation (1.5) into equation (1.4b):

a

AT, = (3— a)fTs. - (61)

For a blackbody CBR with frequency-independent thermodynamic anisotropy AT, the parameters
o and T, are related, so anisotropy measurements at different frequencies unambiguously scale

according to equation (1.6b):

22e” , hv

A‘Ta(l/) = WAT, withz = —. (16b)

kT

6.1.3 CBR “Spectral Distortion

Distortions from a CBR blackbody spectrum will induce corresponding departures from

,(1.61_)). In particular, near 90 GHz the measurement of Woody and Richards (1979) suggests
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a higher temperature and a flatter spectral index than those for blackbody spectra. For the
Woody-Richards data at 90 GHz, T is 3.18i8 2K with corresponding antenna temperature
Te o~ 147 + 0.2 K. Ihe spectral index is ~ 0.88, but values between 0.85 and 1.15 cannot
be ruled out. At 90 GHz, a 2.7 K blackbody has T, = 1.09 and a = 1.00; a 3 K blackbody
has Ta; = 1.34 and o = 1.11. Both thevﬁux and the spectrel slope ef the Woedy-Richards
spectrum would enhance the 90 GHz anisotropy relative to what would be expected by scaling

lower frequency observations using (1.6b). .

.Theﬁconsis;ency between this experihmnt and lower frequency ebservations can be
exa_mined with respect to djﬁ‘e'rent models for the CBR spectra, paralleling the anal:ysis of Lubin
et al., (1983c). Given the CBR. ahtenha temperature T, and temperature spectral index o at
frequency v, the velocity vector -ﬂ-: cdrrespondin’g to each dipole ahisetrepy observation AT’: can
be celehlete& frons»(f;.l); )i the two observations F. truly represent the same E’, then the scalar

product
— — - ’ —1y—1,= -
= (1 — B2)T(MT M5} (B — B2), (6.2)
" where the M;‘l"iere"the error matricés corresponding to the 5, has a ¥2 distribution for three
degrees of freedom (Appendix D). A measure of the consistency of two measurements, then, is

- the pi'obability' that x2 for 3 DOF would exceed the $2 value calculated here.

Dlpole magmtude measurements do not yet‘ have preclslon sufficient eo place very
stnngent hmlts on the CBR spectrum F‘urthermore, the variation in measurements made at the
same frequency suggests that systematic errors may be underestunated Nevertheless an analysns
companng the 90 GHz experiment to the lesen et al. result at 24.5 GHz has been camed out.
.‘ Of the expenments in Table 6.2, these two are the most recent and the most precise. The) are
also the only ones with in-flight calibration. The dlpole amsotropy results for thlS experm;ent

and for Fixsen et al. are given in antenna temperature in Table 6.3, along with the expected

., anisotropies (3 — )BT, corresponding to different CBR models.
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Table 6.8. Measured dipole anisotropy at 90 and 24.5 GHz, along with pre-
dicted anisotropies for different CBR spectra.

This experiment Fixsen et al.

Frequency (GHz) 90 24.5

Measured Components in mK antenna:temperature:

AT, —2.76 4- 0.19 —3.01 4+ 0.17 .
- ATgy 0.54 4 0.11 0.58 + 0.09
AT, | —0.284009 - .|  —0.28 4 0.08
~ 'Magnitude S
. AT, ’ 2.83 4 0.19 3.07 4 0.17

Expected Magnitude (3 — a)T,f in K antenna temperature:

2.7 K Blackbody T 21018 ' 2.6584
3.0 K Blackbody 2.5318 2.9620
Woody-Richards 3.1168 '  —

“Table 6.4 gives the §2 values and corresponding confidence levels for the comparisons.
CBR blackbody spectra with temperatures of 2.7 K and 3.0 K are examined, as are spectra
which are 2.7 K or 3.0 K blackbodies at 24.5 GHz but are consistent with the Woody-Richards
data at 90 GHz. For completeness, CBR spectra which are a 2.7 K blackbody at one of the two
i;requencies and 3.0 K blackbod).' at the other are also examined. Table 6.4 shows that a 2.7 K
thermal CBR spectra is quite consistent with the 24.5 GHz and_QQ GHz anisotropy measurements.
_Neither the qu.ality of the anisotropy oBservations, nor the precisjon with whvich the anigotropy
expected from the Woody-ﬁichards spectrum can be calculate(.i, allows signiﬁéént conclusions to

be made concerning the Woody-Richards data.

For a blackbody CBR, the cases Tcgr = 2.7 K and Tcgr = 3.0 K can be generalized to

arbitrary temperature. Figﬁré 6.1 presents, as a function of Tcpr, the confidénce levels at which
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Figure 6.1. Confidence levels at which 24.5 GHz and 90 GHz dipole obser-
vations agree with each other assuming a blackbody CBR, as a function _of
<CBR temperature
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“Table 6.4. Cotfidence levels at which anisotropies measured at 24.5 GHz
and at 90 GHz are consistent with each other assuming various CBR spectra.

CBR Spectrum CBR Spectrum Value of Confidence
at 24.5 GHz ~ 'at 90 GHz 52 Level

2TK 30K 0.2027 97.7%
30K 30K 0.9133 82.2%
27K 2TK 1.9048 - 59.2% .
30K W-R 2.7451 43.3%
30K 27K 6.9941 7.2%
27K W-R 9.0799 2.8%

the 24.5 GHz and the 90 GHz anisotropy measurements are consistent with each other assuming ;.
a blackbody CBR spectrum. It shows that no CBR temperature less than 2.19 K is,consi\stent','-.
with ft;he observations at higher than a 10% confidence level", putting a 90% cbnﬁdeﬁéé—{evel v
minimum of 2.2 K on the CBR temperature. Unlike most other conclusions about the CBR:FJ"_,
spé‘ctrlum derivable from anisotropy measurements, this CBR ‘température lower;limit is quite:
firm. lPhysically‘, a blackbody CBR spectrum cooler than the minimum would haye so much lesé
power at 90 GHz than at lower frequencies that that the measured 90 GHz anisotrppy would

imply enormous anisotropy at 24.5 GHz.

. No upper bound can be placed on the CBR temperature from this analysis alone. Since
the diﬂ'ergnce between the expected anisotropies at 24.5 GHz and 90 GHz for high temperature
blacicl;ody speéffa is so" small, all suﬂicientiy high temperatures al;e equival.ent-and cannot be
distinguished by the two measurements. The confidence level vs. CBR temperature plot in
Figure 6.1 has a very broad maximum, showing that a CBR temperature of 4.2 K is formally
most éon'sisten‘t‘with' tﬁe 24.5' GHz and‘.vthe 910 GHz obser;vations but also.’indi'cating that an
infinitely hbt CBR is consistent with the ratio of those méasurement.s at a confidence level of

79%.
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6.1.4 Solar Velocity

The dipole anisotropy is most readily interpreted as a measure of velocity relative to

a comoving frame of reference. Since dipole anisotropy generated by other mechamnisms would

in general be accompanied by higher order anisotropies, the lack of quadrupole moment (Sée"f B

next section) supports the peculiar velocity origin of the dipole, as does the dipole’s frequency

independence.

Assuming a 2.7 K blackbody CBR, the dipole anisotropy measured by this experiment
represents a solar velocity of 387 + 25 km/sec towards right ascension o = 11.»3 4 0.%1 and
. declina,tivon §=—6+2° (galactic latitude b = 50° 4+ 2°"and longitud:é | = 266° + 3°). The
weighted average magnitude found in Section 6.1.1 corresponds to a velocity of 367 _-_t 13:k;n / séc
in essentially the same direction. This velocity can be decomposed into several éoinponents af |
. different levels of aggregation. The sun moves relative to the “local sté.ndérd of rest” defined By
nearby stars, the closest of which are on the order of parsecs away. “This ensemble participates i;i ‘
galactic rotation about the galactic center some 10 kiloparsecs distant. The Milky Way galaxy is a
member of the “Local Group”, a collection of ten to twenty primarily dwarf galaxies within about
a megaparsec. The entire Local Group belongs to yet a larger structure, the equally prosaically-
named Local Supercluster, which is dominated by the Virgo cluster of galaxies some 15 Mpc

away. Only the vector sum of all the relative velocities is measured by the CBR anisotropy.-

Referring the sun’s velocity 9¢, to the centroid of .th‘e deal Group by su.btracfing htheir.v
relative motion 9, — ¢ of 308 km/sec towards (e, 6) =‘-.(22'."9, 51‘;); (4 bj = (105°,—7°) (Yahil
. et al, 1977), the 90 GHz anisotropy shows the Local Group to have a velocit’y’o‘f 6;10 k'ﬁl/sec
towards (a,8) = (11.*1,—26°). This direction is 43° away from the Vil:go cluster cerltered at
(o, 6) = (12.74,13%)(Sandage and Tammann, 1976), yielding a velocity éomﬁoneﬁt toﬁards: Virgo |

of 470 + 30 km/sec.



6. Interpretation : s 102.

Studies of Local Group velocity relative to objects closer to us than the last scatterers of
the CBR are required in order to decouple currents within the Local Supercluster from large-scale
bulk flow of the entire supercluster. Several such studies have been made, but they are not all in
agreement. They are reviewed in a recent paper by Davis and Peebles (1983b) which discusses

anisotropy in the-Hubble flow.

Anisotropy in the hard x-ra& background has been observed which is not inconsistent
with the CBR measurements. However, the sources of the x-ray background are not well
understood. If the x-rays are-produéed at the present epoch, then an increased concentration of
sources in the local supercluster proportional to the observed enhancement of optical luminosity

could account for most of the x-ray asymmetry (Boldt, 1981).

Three étudiés éf solaf velocity derived from aﬁisotropy in éalactic red shifts are com-
pared with the velocity relative to the CBR in Table 6.5. Using luminosity as a distance indicator,
Rubin et al. (1976) examine spiral galaxies outside the Local Supercluster and assign the sun a
- peculiar velocity of 600 km/sec towards (a,§) = (2.#1,53°). The Sc galaxies studied have reces-
~sion velqcities between 3500 and 6500 km/sec, corresponding to distances of 354! to 65A!

Mpe wjth the Hubble constant Hy expressed as 100h km sec™! Mpc—!. Removing the solar

velocity, Rubin et ¢l find their data is consistent with isotropic Hubble expansion.
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Table 6.5. Solar peculiar velocity relative to the CBR and to three samples of
galaxies. Velocity direction is given both in celestial and galactic coordinates.
No correction for solar motion within the galaxy and Local Group has been

applied.

This Work Rubin et al,, De Vaucc;u_leurs et al, | Hart and Davies,
i 1976 1981 ' 1982
Magnitudé: 387 4 25 600 4 125 306 4 40 310 &4 55
(km/sec) : o '
o 11.3 4 0.1 214 1.3 T+7 1234 0.7
(hours) ‘
6 | —6+2 53 4 11 8447 30412
(deg) :
l: 266 4- 3 135412 117 4 12 192 4 60
(deg)
b: S04 2 —84 12 3047 83i12
(deg) - '

De Vaucou]eurs et al. (1981) study the motion of 300 spiral galaxies receding at between
200 and 2900 km/sec. Assuming isotropic expansion and fitting observed galactic red shifts to
the dipole anisotropy which would be generated by a solar peculiar velocity, they find a relative
motion between the sun and the galaxy sample of 306 4 40 km/sec towards (a;d) = (17*,84°).
Galactic distances are determined by the Tully-Fisher method of comparing the observed optical
luminosity to the absolute luminosity determined from the hydrogen 21-cm linewidth. Solutions

excluding galaxies near the supergalactic center are consistent with the results of the full sample.

Hart and Davies (1982) analyie a sample of 78 Sbc galaxies }eceding at between 1000

and 5000 km/sec. The redshift of the hydrogen 21-cm line provides velocity data, and the line's
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integrated flux, pa.rameperized_ by its width, serves as a standard candle. Their result for solar

peculiar velocity is 310 4 55 km/sec towards (a, ) = (12.%3, 30°).

The angular resolutions of the peculiar velocity studies relative to galaxies are on the
order of ten degrees. None of the velocity directions in Table 6.5 agree to that level. The Hart
and Davies velocity ‘is closest to the velocity implied by the CBR anisotropy at 90 GHz, with
a diﬂ‘erenéé between the directions of two velocities of 39‘degrees. Discrepancies in magnitude
among the studies make the disagreement even worse. After being referred to rthe__centroid kof the
Local Group, the Hart and Davies ﬁndiﬁg shéws the Local Group to have a 'vélbéity;463 km/sec
" directed 26° from Virgo. The direction of this velocity is 17°. from the Local vGrou:p’s velocity
with respect to the CBR, ‘with the difference vector between Hart and D'avieg véldc_ity and the
CBR velﬁcify lvla’vin"g’niagnitude 242 km/sec. Inconsistency among Local Group velocities relative
to‘ different sets of galaxies would imply either relative motion between the galaxy Qets or else
underestimz{ted systematic ,efrof. Disagreement between galactié studies and CBR anisc;tropy

similarly implies either large-scale motion of the supercluster as a whole, or systematic error.

Thé Rubin reéult, in particular, is higiliy' contrbversial. Fall and Jones ( 1976) argue that
inhomogeneity in the distribution of galaxies (infefred from the.known inhomogenbus distribution
of “clu_sters), together with use of a narrow magnitilde window, ¢an cause selection of galaxies in
an isotropical]y expanding universe which will display an anisotropic velocity distribution. Hart

aﬁd Davies (1982) repeat their 21-cm line analyses on those Sc galaxies in the Rub{n et al. sample
~ which have ‘recession velocities between 1000 and 5000 km/sec, augmented by some additional
southern hemisphere galaxies. They find a result consistent with their own (Hart and Davies)
~ Sbe galaxy sample and. inconsistent with the Rubin et al. findings. In their review, Davis and
Peebles (1983b) lend greater credence to studies such as Hart and Davies (1982) Whicil employ

an additional distance—il}dependent variable such as 21-cm linewidth.

The 'similarity of the Hart and Davies velocity to the CBR-derived motion suggests
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that the dipole anisotropy could be caused be motion within the supercluster, although with
a several standard-deviation discrepancy remaining this conclusion is certainly not required.
In superciuster internal-flow models, the component of velocity towards Virgo lfesults from the
gravitational attraction of the enhanced matter distribution in that direction, while a transverse
component 'co.uldv arise from a lack of spherical symmetry in the supercluster collapse (bavis and
Peebles, 1983b). The Local Croub velocity with respect to the CBR need not point directly
iowards Virgo if this is tﬁe case. Alternatifrely, djscrepancy bet,v;reen thé CBR anisétropy and
the Milky Way motion within the supercluster implies either an intrinsic component to the CBR

anisotropy or the existence of bulk flow on larger scales than have yet been examined.

6.2 Quadrupole Anisotropy

" 'This experiment detects no significant quadrupolar anisotropy in the CBR. It does not
reproduce the “quadrupole-like” anisotropy of Fabbri et al, (1980) nor the significant quadrupole
" terms repo‘fied’ in Boughn et al. (1981), which were attributed in a later publication by that group
to ground radiation and excess radiometer noise synchronous with gondola rotation (Fiisen et al,,
.1983). Table 6.6 presents the quadrupole coefficients reported by the experiments whose dipole
terms are given in Table 6.2. In the absence of true quadrupolar anisotropy, an experiment with
statistical errors and correlations equivalent to those of this work would measure- quadrupole

power equal to or greater than that detected here 45.5% of the time.

A limit on quadi'upolar anisotropy can be quantified by defining the average quadrupole

tefnperature

| o |
To,rms =(;1; /4 ] Tg(n)dn) . where (6.30)

5
To(@) =Y Qiqu(D) | (6.3b)

=1
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Table 6.6. Comparison of quadrupole coefficients in mK the’rmodynan.iic tem-

perature.
Reference @1 Q2 Q@3 Q4 Qs
This work —_ 0.15 4 0.14 | 0.16 4 0.14 { —0.06 + 0.10 | _ 0.09 + 0.09
Fixsen et al., 0.154 0.08| 0.154 0.110.144 0.07 | 0.06 4 0.11 | —0.01 + 0.07
1983 : : EE
Smoot and Lubin, |0.38 £ 0.26 | —0.34 4 0.29 | 0.02 4 0.24 | —0.11 + 0.16 | 0.06 + 0.20
1979 : o
Boughn et al., —_— 0.28 +-0.22 (0.13+ 0.21 | —0.31 - 0.15 | —0.54 4-0.14
- 1981 ‘ ‘ ‘

and the quadrupole basis functions ¢; are defined in Table 5.1. Evaluating the angular integrals,

1 4 ¢ =
Torms =@ + 15 2 @ (6.4)

t==2

Since this experiment is insensitive to ¢)1, only four of the. five quadrupole degrees of freedom
can be examined. Assuming that the universe is not aligned with the earth’s north pole, the
total quadrupole power (~ Té,,ms ) can be bounded by augmenting the limit on power in the

measured @2 to Qs terms by an additional 25%.

Neglecting @1, the value Tg rms in antenna temperature for the 90 GHz data is 0.10 mK.
Monte Carlo calculations show that ninety percent of the time, a radiometer having the statistical
errors.and correlations of this experiment and observing a true quadrupole anisotropy given bj the
Q2 to @5 values in Table 5.9 will have TQ,,ms < 0.20 mK.: The calculation involves diagonalizing
the error mapri; to express the quadrupole coefficients in uncorrelated basis functions, jittering
éach transformed coeflicient with noise values taken from a distribution whose variance is the
- coefficient’s mean-square error, histogramming the resultant values of T ,ms, and finding that
“value marking the 90°* percentile of Tg,rms distribution. Multiplying this value by the square
’root of 1.25 to account for the missing @, power gives a 90% confidence-level upper limit of

0.22 mK antenna temperature. The equivalent thermodynamic rms quadrupole upper limit for
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Topr =.2.7K is 0.27 mK, or a part in 10™* of the CBR.
" The rms dipole anisotropy is given by an analogous formula, -

%
1
Towme = (= [ TH@an) |

((T& + 724 Tﬁ))*

(6.5)

Substituting the values in Table 5.9, the rms dipole ani"sotropjf Tp,rms = 2.01 mK (thermo-

dynamic), yielding (TQ,,,;s/ Tp,rms) < 0.13 at 90% confidence.

Fixsen et al. (1983) present values for all five quanrupole comnonents, 50 Fg,rms Cal
be comput,ed directly from equa_.tion (6.4). The 90% conﬁdence-level limit caleulated from those
components by the Monte Carlo technique described abone is 0.23 mK ‘(th‘ermodynamic). An
alternat_ive‘method of comparing the quadrupole limit of Fixsen et al. to this work is to re-
‘_ solve the Fixsen et al. _system without a @, term. f‘ollowing the identical procedure on the
re-det.ermined error and solution parameters as was performed on the 96 GHz results gives a 90%
confidence-level quadrupole temperature limit of 0.22 mK for the Fixsen eL: 51. data. The 90%
limit qctually quoted by Fixsen et al. is 0.19 mK, but ﬁne method of analysis is not explicitly

described.

6.3 Galactic Emission'

-Fits to the 90 GHz data are unaffected by inclusion of the galactic plane (Table 5.6),
showing that the data are not seyerely‘ contaminated by dust emission. At 24.5 GHz, where
- galactic emission is much stronger, failure to model or exclude the galaxy changes the fitted T,
component of the dipole by almost 0.5 mK (Fixsen, 1983). Fits of the 90 GHz data to galactic
models are consistent with dust emission, averaged over the region wfthin five degrees of the

galactic plane and convolved with the radiometer beam, of about 0.5 mK. This value represents
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a global fit to the entire observed sky; dust emission in-any specific region can be estimated only

to the extent that the overall galactic model correctly reflects the dust distribution in that region.

6.4 Summary

The dipole anisotropy measured by this experiment at 90 GHz has ap antenna tem-
perature magnitude of 2.82 4 0.19 mK directed towards 11.3 4 0.1 hours right ascension and
—5.74+ i.8 degre.es deciina’oion. The direction is consisteﬁt with lower frequ.encly obsefvations,
and the dipole magnitude measured by this experiment relative ﬁo tﬁat oBse;;red at,.24.5. GHz by
Fixsen et al.is consistent with motion through a 27K blackbody CBR.' With th;t CBR spectrum,
the thermddynamic anisoiropy measured by this experiment hés magﬁitude 3.48 4+ 0.24 mK,
corregpoﬁding to a solar velocity of 387 + 25 km;/sec. Correcting t:or the sun’s motion relative
to the Local Group -gives a Local Group peculiar velocity of 640 ﬁm/ sec direcf:é& 43° from the
Virgo cluster. Motion solely within the Local Supercluster may be respbnsible for". ‘the'éntire CBR
anisotropy, but the discrepancies among studies of Local Group velocity with feépéct to other

‘galaxies make it impossible to draw this conclusion Wwith high confidence.

This experiment finds no evidence for higher order anisotropy in the cosmic background
_ radiation. The universe appears isotropic on the largest directly accessible scale, with a 90%
confidence-level upper limit of 10— on the CBR quadrupole anisotropy. Since galactic emission

at 90 GHz is low, it is not a significant source of systematic error in this experiment.

In the two decades since the discovery of the CBR, our understanding of the nature and
history of our universe has increased tremendously. Angular anisotropy measurements, having
" improved in sensitivity by more than three orders of magnitude, characterize a dipole anisotropy

which still has no detectable frequency dependence or higher order moments.
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Appendiz A

Relativistic Flux Transformation

A.1 Phase Space Density

The intensity I, (ergs cm—2 sec™! Hz ™! str—!) of a radiation field at frequency v
can be shown to be proportional to +® times the Lorentz-invariant photon phase space densitys.
Intensity transformation from one reference frame to another is therefore given in terms of the.

transformation of v3.

Phase space density invariance follows from the invariance of the phase space volume
element — if a "group of particles occupies the same amount of phase space volume in all
fl;ames; :;H oi)st;ffrérs will"mea'su:re the same value for the »de,nsity. As shown below, although
the diﬂ'ei'eﬁt o‘bseirvers x‘niéasure‘ﬂ diﬂ‘erent physical space volumes dz dy dz and momentum space

volumes dp, dpy dp., the product d®2 d®2 is invariant.

Consider first a group of massive particles occupying physical space element dz dydz
in its rest frame. An observer moving along the z direction with velocity § = v/c measures
transverse dimensions dy’ and dz’ equal to the rest-frame dimensions dy and dz. Her measure-
ment of the longitudinal dimension dz’ is made at a single instant in her owﬁ frame, so dt' =0

and dz = ~y(dz' — Bcdt') = vdz'. Her Lorentz-contracted length measurement, multiplied by
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the unchanged area, gives a physical-space volume compressed by a factor of y relative to the

particle rest frame: dp, dp, dp, = d3%' = d3% /.

Since kinetic energy is quadratic in momentum, the spread in particle energy c2dp,
vanishes (i.e. is of orde;r‘ dp?) in the particle rest frame. The moving observer measures ¢ dp) =
v (cdp, — Bcdpy) = ¢ dp,. Again, the transverse measurements dps’, = dpy and dp] = dp, are
unaffected, so d®2' = vd®2. The total phase space volume is seen to be

d*2'd%2' = (f’-:i)(ry d®3)

= d32 d°2 (A1)

for all observers. In the limit as rest mass approaches zero, the identity remains valid, establishing

phase space volume and density invariance for photons as well.

‘ A..2‘ Intensity

»~  Given a photon phase space density, the intensity measured by an qbservelj will depend
on the energy of each detected photon and the range of solid angle subtended by the photons. The
energy per photon is prqportional to v, and the amount of solid angle per unit momentum space
B - goes as u—f (d®2 = p? dpdQ2, with p ;‘ |Z| ~ v for photons, éo d)/d®% ~ v—2). Therefore, the
intensiﬁy is proportional to v® times i;h_e phase sﬁace density 7. (Misne‘.r et.. al., 1973, p. 589)
The ratio I, /1/3, proportional to .n, is Lorentz invariant and can be uséd to transforn’llfradiation

intensity:

I =(=)1,. . _ (A.2)
" ‘ _

If a radiation fleld is isotropic in the unprimed frame, this relation gives its angular

dependence for an-observer in the moving primed frame. Let ¢ be the angle in the unprimed
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frame between the direction from which the photon arrives and the moving observer’s velocity.
A photon having angular frequency w and wavevector % in the isotropic frame (with w = |E [c)

will have :
w' = 9w — Beks)
gy ~Aw(1 -+ B cos 6)
= w(1 + pcosb)forf << 1,

so for small velocity, (v'/v) = (w'/w) = (1 + Bcos§).

For a spectrum having logarithmic frequéncy derivative (dlog/ / Ologv) equal to o

near frequency vo such that I ~ Iy(v/v)%, we obtain

(Gl
=G
RO

=L+ @—a)Bcost) . (L.4a)

for observations at a fixed frequency v/ in the primed frame..
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Appendiz B

Radiometers

A microwave radiometer measures electromagnetic energy. The simplest type of radi-
ometer measures the total power collected by: an antenna. Added to the amplified input power is
noise generated witiﬁn the radiometer itself, so the output of a total power radiometer is a signal
proportional to the sum of the incident and the internally-generated power. The system noise
temperature characterizes noise generated by the radiometer. It is the antenna temperature of a
source which, when observed by a noise-free radiometer, pljoduces the same output as the actual

radiometer would yield looking at source at zero K.

The radiometer output will fluctuate due to statistical variation in the noise power
and to fluctuations in the radiometer gain. These output fluctuations determine the resolution
with which the input antenna temperature can be measured. For a total power radiometer with
system noise temperature Tgys, the RMS output fluctuations when observing incident antenna

temperature T, are

AT = (Toys + T,){(é) + (%g)z}i, (B.1)

where B is the bandwidth, 7 is the net integration time, and (AG/G) is the RMS fractional
change in receiver gain over the integration time. AT, also known as the figure of merit, is the

input signal which can be detected with a signal-to-noise ratio of unity.
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To minimize the effect of gain fluctuations, a differential radiometer (Dicke, 1946)

swit.chés between the source and a reference and yields an output proportional to the_jr difference
in emitted power. If the source has exactly the same intensity as the reference, the xfad_io‘meter is
balanced and has no net output. Gain variations on time scales longer than the switchiﬁg period
in a balanced diﬂ‘erentiz;l radiometer are cancelled out. If there is an offset temperature between
lsoufce and reference, gain variations will cause some fluctuation in the output. However, these
fluctuations will be suppressed by a factor of Togset/(Tsys + Ta) With resp;ct to those of a total
power radiometer. If the reference temperature cannot be adjuét.ed t‘o‘ éiiminate i;lie oﬁ'sét, the
effect of gain variation on the offset can be minimized by interchanging source and reference, as

is done when the 90 GHz radiometer rotates 180°. This interchange introduces a further level of

differencing, which nulls out gain variations on time scales longer than the interchange period.

The sensitivity of a differential radiometer having offset temperature Togset is given by
the expression

2 2
| K AG
AT = {(Tsys + Tﬂ) (m)} + {(Tsys + Ta) (?)switch }

period

'+ {(Togset) (29)... }2 +{(ATum) }T (B2)

change

where the constant K depends on how the synchronous switching and detection are done, and
AT,opset, includes drift in the reference temperature. The (AG/G) terms are RMS fractional gain
variations over the indicated time periods. If source and reference are not interchanged, the

“interchange period” becomes the total observation time.

For an ideal differential radiometer, the factor K in equation (B.2) is 2. The factor
comes about because a differential radiometer observes the source only half the time, spending
the remainder on the reference. The statistical fluctuations in source and reference measurements

are greater by v/2 than those of a total power radiometer spending the entire time on one or the
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other, and fluctuations in differencing the source and reference intensitiesrare anothélf factor of
" /2 greater than those in either measurement alone‘. In practice,'K also depends on details of
- the synchronous filter design such as the number of harmonics of the switching f'requency; which
are transmitted by stages downstream of the switch. Since the 90 GHz lockin back end passes

several sWitchjng-ffequéncy harinonics, its value for K should be very close to 2.

Two references which discuss descriptions and properties of different types of microwave

radiometers are Evans- and McLeish, 1977, and Kraus, 1966.
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Appendix C

Calibration

C.1 Primary Calibration

Primary calibration of the radiometer in the laboratory and on the ﬂight line is done
- by positioning a blackbody target removed from a container of liquid nitrogen in one beam and
an ambient-temperature blackbody in the other. The targets are held in position until the lockin
output stabilizes, and the output is recorded before the liquid nitrogen target starts to warm up
(typically within 10 to 15 seconds). Averaging the difference in outputs between Iﬁeasurements
with the target.s interchanged removes any offset. The ambient temperature is measured either by
a thermometer or by temperature sensors on the radiometer. Ambient temperature uncertainty
of two degrees yields a calibration error of one percent and is not a significant source of error.
The liquid nitrogen target is assumed to be at the temperature of boiling liquid nitrogen at sea
level. The slope of the boiling curve is 0.085 K per percent change in pressure, so atmospheric
pressure variations of up to 5% introduce less than 0.5 K uncertainty in the liquid hitrogen
temperature. Measurements at 10 GHz and 33 GHz show that an Eccosorb! targét dipped in

and then removed from liquid nitrogen has an antenna temperature within 4-0.3 K of a target

1Emerson and Cummings microwave absorber model AN-T3
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immersed in liquid nitrogen (S. Friedman and G. De Amici, private communication). For the

purposes of this experiment, the 77.4 K boiling point Tj N of liquid nitrogen is taken to be 77 K.

The primary calibration value, averaged over widely separated measurements in a three-
week period before the November flight, was 67.2 Kelvins per lockin output volt with an RMS
scatter of 2.6%. No changes affecting system gain were made following that flight, and a
corresponding average of calibrations done over two weeks before the April flight was 67.6 K/volt
with a scatter of 2.19%. The weighted average of November and April values, 67.5 K/volt, -was
used in analyzing data from both flights. Calibrations done on the flight line immediately before
each flight (66.9 4 0.9 K/volt in November and 67.6 + 0.5 K/volt in April; both included in the

averages above) were consistent with the laboratory measurements.

C.2 Corrections

. Two corrections were made to the calibration constant to yield the value used on flight

data. The first of these accounts for the change in lockin gain by a factor of 101.1. 4-0.2 between
_the scales used for ground calibration (range 4338 K) and for flight (range 43.34 K). The
. second corrects for.slight saturation of the detector diode. If the diode characteristic (voltage out
vs. power in) becomes non-linear, its slope is a function of the incident power level.- The above
- calibration procedure measures the slope of the chord connecting the operating points for ambient '
temperature and liquid nitrogen-.tem‘perature loads. For a non-linear characteristic, this slope is
~ not. necessarily the same as the slope of the characteristic at the operating point 'maintained by

_the system when viewing the 3 K CBR. .

To determiné the slope at the actual operating point, power in the radiometer IF band
was attenuated by varying amounts and detected. The resultant diode output voltages were fitted
to a cubic polynomial in incident power level. This polynomial was used to find ‘ahalytically the

ratio of the slope of the chord connecting the ambient and LN calibration points to the slope
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of the characteristic at the high-altitude operating point. The calibration constant measured
with ambient and LN loads, in Kelvins per volt, is inversely proportional to the slope of the
(Tamb — Tin) chord. Multiplying the measured calibration constant by the ratio found above,
and correcting for the change in gain, yields the calibration constant used af the flight operating

point,. .

The diode characteristic calculated for the 90 GHz radiometer showed a 4.5% mnon-
linearity for an ambient temperature load, a 3.4% non-linearity for liquid nitrogen, and 1.3% for
the operating point at altitude. The ratio of the slope of the (Tamp — Ti,n) chord to the siope at
the operating point is 0.96 with an estimated error of 4-0.02. Using this factor and correcting for
the djﬁ‘erence in gain, the conversion at altitude from lockin output volts to mj]liKejvins antenna

temperature is 641 mK/volt.

C.3 Stability of and Error in Calibration

C.3.1 Pop-up Calibrator - Description

The in-flight pop-up calibrator is a piece of iron-loaded epoxy microwave absorber
0.35 cm? in area, mounted with a temperature sensor on the end of a brass rod 0.31 ¢cm wide.
- When raised into the beam, the target subtends a solid angle of 1.9 X 10—* steradians at a
distance from the horn of 43 4 3 cm, depending upon where on the horn the measurement is
taken. At that distance, not quite into the far-field of the antenna (which is distances greater
than 7a?/\ from a circular horn of radius a, or 60 cm for this experiment), the horn's gain
. pattern is not known accurately enough to use the target as an absolute calibration. As a'ﬁrst,
approximation, the ratio of the target solid angle to the antenna’s integrated gain-weighted solid
angle of 0.021 4 0.003 steradians predicts that the target will generate an antenna temperature

equal to 0.009 4 0.0013 of its physical temperature.
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- Seen from the horn and convolved over the same antenna pattern, the support rod
subtends 0.0214 4 0.015 of the beam, or 2.4 times that of the target. The emissivity of brass
is on the order of 102, so emission from the arm is negligible. As long as the variations in
radiation scattered off the arm are small compared to the target emission, a constant calibrator
signal will indicate a stable system calibration. If the scattered contribution is variable, changes

in calibrator signal amplitude provide an upper bound to system variability.

-C.3.2 Pop-up Calibrator Flight Observations

In-ﬁight)calibrator stervafions w.'(;,re>made every 27 minutes duri;g thé Novembef, 1981
flight. Each was aﬁalyzed by taking ﬁm average of six 2.1-second integration périocis duriﬁg which
the calibrator was centered in the direct beam, and subtracting the ﬁiéan of equiﬁlent seﬂctions
before and after the calibration. The statistical uncertainty of each observation was 0.006 K or
0.2% . During the data-taking portion of the flight, the calibrator temperature vatied by 1.4%

between 219 and 222 K.

The mean magnitude of the calibrator signals for the November ﬂight wa.sé.éé K, with
an RMS scatter of 0.014 K or 0.6%. The predicted calibrator emission is 1.96 + 0.33 K, with the
error representing uncertainty in the target’s true gain-weighted solid angle. Besides emission,
power scattered off the arm may have contributed to the signal as well. The total signal generated
by the calibrator therefore consisted of emission from the target plus scattering off the arm, minus
the sky emission which was blocked by the target and arm. At altitude, the arm sees primarily
. sky or reflected sky with an angle-independent intensity. Except for power scattered from the
éarth, radiation scattered by the arm has the same antenna temperature as radiation blocked
by the arm. Groundshields prevented most earth emission from reaching the arm and target,
although the arm and target could see the horizon in the November, 1981 configuration. During

the 13 seconds that the target was in the beam each calibration, the gondola rotated through 85
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degrees. Therefore, horizon power scattered by the calibrator was averaged over a large area.

C.3.3 Pop-up Calibrator Ground Observations

Measurements done on the ground could not unambiguously resolve the level to which
scattering influenced the in-flight calibrations. The sky was rarely stable enough to permit
observations of the pop-up target on the ground using the ﬂight Seﬁsitivity. In additioﬁ, the
sec § variation of atmospheric temperature with zenith angle, along with the preseﬁce of warm
objects of various sizes on the horizon, cause scattered power in ground observations to have in
geperal a much different temperature than the atmospheric emission which is blocked by the arm.
Therefore, scattering should have a greater effect on the calibrator signal in ground observations

than it. would at altitude.

~ Crude observations made before the first flight in July showed that the arm without

| target generated a signal about one-third of that generated by the arm plus target. This result
indicates that on the ground, the difference in power scattered minus power obstructed by the
arm alone is half the corresponding difference in power emitted minus power obstructed by the

target.

Observations of the pop-up calibrator on the ground were made using the flight sen-
sitivity on three widely spaced instances in Texas and in Berkeley. The calibrator physical tem-
perature, sky temperature, and measured signal are shown in Table C.1 along with the predicted
signal assuming the target solid angle given earlier. The solid angle is highly uncertain but.is the
_ same for all observations, so the differences in measured signal give an indication of the variability
of the scattered contribution. Calibration constants measured at the time of each observation,

along with saturation corrections appropriate to the sky temperature, have been used.

The large variation in signal (from 1.22 to 1.74 times the predicted value) probably
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Table C.1. Pop-up calibrator ground observations.

Date  Calibrator Sky Predicted Measured
Temperature Temperature Signal Signal
11/82 309+ 1 4841 2.35+ 0.40 - '3.14 4 0.07
11/82 30741 7142 2124035 2.594-0.04
©4/83 . 28341 4642 . 2124035 3.684 0.05

represents the differences in effective horizon temperature. The last measurement above, for

example, was made in a parking lot surrounded by trees and buildings.

C.3.4 Error in Calibration Constant

In ahj ;gife; measurement of the system calibration, the temperature difference Tamy —
Tin and the radiometer output voltage can both be measured to better. than one percent. The
dominant:' source of uncertainty is -variation arising from system drifts and differences in the
‘beam filling factor for the liquid-nitrogen temperature. Scatter among widely-spaced calibration
measurements gives an estimate of these effects and is under 3% for this system. Any systematic
change in system behavior between ground and flight, or from flight to flight, will als_q directly
contribute to calibration error. To account for possible systematic errors, the absolute calibration
uncertainty has been taken to be 6% with a relative flight~to-flight uncertainty of 3% . The
pop-up in-flight calibrator was replaced with a full-beam calibrator following the April, 1982
flight; unfortunately data wiph observations of this calibrator at altitude were lost, along with

the gondola, during the November, 1982 flight in Brazil.
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Appendiz D

Linear Least Squares Estimation

D.1 Best Fit Solution

One of the most widely used techhjques of modeling noisy data is least squares fitting,
which determines the set of model parameters minimizing the squared residuals between the data

and the model. Consider a collection of data measurements yi, each having uncertainty o;. The

* measurements are to be modeled by a function of the p to-be-determined parameters a; and the

| independent coordinates for each observation 7; = (z},...,z).

Attributing all discrepancy between the best-fit model and the data to noise, we have
Y= W(a];z) + €1y . (Dl)

with the ¢; representing randomly distributed noise values. To determine the best-fit parameters

aj;, define
€ ( W(a » Zi ))
= p=y B D (D.2)
;. Oi i I3
Minimize x2 with respect to the a;: -
2 . W
% _ o o ,-"_;aWL ) (“’2"‘ DLLANS (D.3)
Oa; ~ 0F Oa; I, ok Baj oy
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uFor models in which W is linear in the parameters a;, the normal equations defined by
(D.3) simplify considerably. If W = Ej a; jj(?v’.-), where the f; are a set of basis functions, then

O0W/ba; = f;, and the normal equations become

Z ytfj(—‘t Zzakfjm)fk(—:

Define the data vector components D, to be Y, y;f,(zi)/0? and the moment matrix
M, = 3, £i(z%)fx(Zi)/o?. The normal equations become D; = Y, M;xa, and the best-fit

solution parameters ax are found by inverting the system to give a4y = Ej MJ'—kIDj .

D.2 Uncertainty in Fitted Parameters

The fitted a have ap uncertainty due to noise in the observations y;. The a are also in
géner;l‘ correlated ‘,in that independem errors ¢; in the observations y; will result in changes day
to the solutlon vector components which are not independent. The uncertainties and correlations
‘ A..ln the.ak can be analyzed by examining the expected value of the covariances <§ a] Sax > over
mdependent sets of measurement noise values ¢;: |

. da;
6a,~ = Z -6—6’7—"66,;;

i )

da; ba o
< bajbar > =< Y b Z 5 fae > . (D4)
i ¢

Now since a; = 3°,, M7, 1D,,, we have
BaJ _13Dm
Be; E ™ e,
EM—I fm(—;

upon substituting equa_tion‘(D.l) into"the._ definition of the data vector. The covariances are

i
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< fajbar >= 3 3 Mj,! f"‘(_') Mg f"(-: < be;de >,

5,{ mn

and since the d¢; are independent,
02, ifi=1
< fe;bep > = (D.5)
0, otherwise. ' o

Therefore

< bajday > = EM—IEL"C)’"(—” 02 M;;}

=EM Mpn M)

= Mj—,',l. ' : L (D-6)

Hence the components of M~ called the error matrix, give the solution parameter
covariances, and the diagonal terms M;JTI are the mean squared errors of the components a;
of the solution vector. The correlations between solution parameters are often expressed as a

normalized correlation matrix C: .

D.3 Comparison of Independent Solutions

Al

Consider parameter estimates @' and a2 fitted to independent data sets. To determine

whether the fits are consistent with each other, examine the difference vector Ad = a' — 2.
. If the two fits are solutions for the same observables, each component of this difference should
have an expectation value of zero, with the expected covariance <(i' — &2)3- (@' — &%) > given
by <(&;&i) <(&1ai)> — <(a ak)> -+ <(&2ai)> The first and fourth terms, from

(D.6), are Ml -1 +M§k_1. The cross terms are zero since the errors §¢! and §ef, which appear
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in the expression equivalent to (D.5) generalized to more than one data set, are independent:

< ¢} 6e? >=0 even for i = [. Therefore,

a1 .2 a1 2

<@ -y - >=M M (D.7)

Tf the total error matrix M—! is defined such that M—! = M! ™' 4+-M2~" the covariance

matrix of the p elements of the difference vector Ad is M"‘l, and the scalar product
s2=Ai"Maz

will be distributed as x2 for p degrees §f freeddlfx.;. Th'i.s di;tribmi(;n is easiest to see in a set of
basis functions for which M is diagonal. M is symmetric, so such a diagonalization can always be
found. Since M—! is the covariance matrix for the Aa,, which are uncorrelated in this basis, the
e]ements MJ—,‘l are "e(qbq_al' ‘t_o < A&J2 > for j = k and.0 for.j 3 k. Therefore, Mj; =< A&?;>‘1,
and |

2. Ad

. 82=N"—2
J§<Ad§>

which can be seen to have a Xf, distribution. The confidence level at which two independeht
solutions @' and &° agree is the confidence level of drawing S? from a x2 distribution for p

degrees of freedom.

Two useful references discussing estimation and other statistical techniques are Bevington

(1969) and Martin (1971).
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Appendiz E

Generation of Sky Maps

E.1 Normal Equations

A map is a representation of the sky intensity distribution using a set of basis functions f;
which have magnitude unity over a particular area or pixel in the sky, are zero elsewhere, and'do
not overlap. Relevant normal equations are derived by minimizing the following expression for xz_

(c.f. equation (D.2)):

- .2
X2 = Z (ATi - (?i — TBi)) (E.1)

where T4; and Tp; are the temperatures of the pixel that radiometer beams A and B observe to

give the it difference AT;.

By adding all measurements linking a particular pair of pixels j and & to give an average
temperature difference AT jx = 0, the sum over data points can be replaced by a double sum
over pixels. Let {j} be the set of pixels connected to pixel ; by at least one observation AT;.

" (Note that j is not a member of {j}, since no observation has pixel j in both beams.) An

equivalent formulation of x2 becomes

-— . 2
ATj— (Tj— T,
=3 v [ % k)) . (E.2)

T 4 (o]
i ke{s} Ik
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The normal equations are given by setting (8x2/8T;+) = 0 for all T;:

%2 AT — (T; — Te) \, .. .y
6—717=—2ZZ( (67 — 6%
J i ke{s}

1, if j=17";

=0, with¢l = ,
oo {0, - otherwise.

We can eliminate the sum over j and replace ATx; With —AT ;; to get

Y (Tj:—Tk—KT,-,k)_O
K€"} o3

Expanding, and replacing j/ with j,

AT,
T; Z "12" - 1;‘ - 2Jk =0
N 0% " 0% 4 o<
ke{sj} "Ik ke{y} "Ik  ke{s} "Ik

By defining

oy L
Qjj E aﬁ

(s} _
ax = —%,Ice {iL; =0, otherwise
. . i e Lt - .ot o'jk o . ' g
b= Y —,
€ oo

equation (E.3) reduces to

Za,-ka = bj.
k

k.

(E.3)

(E.4a)

" (E.4b)

| (E.4c)

(E.5)

The coeflicients a;; are non-zero only for pixel pairs connected by measurements AT;.

If one radiometer beam is viewing a given pixel, there are only a very limifced number of pixels

which may be observed by the other beam. Therefore, the great majority of the a;x are zero,

and the system (E.5) is quite sparse. Since AT, = —AT};,, implying 3, b; = 0, the equations

(E.5) are not linearly independent. The data, all differential measurements, are insensitive to the

addition of a constant to all pixels. An additional constraint equation is required to remove this

degeneracy.
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E.2 Gauss-Seidel Sparse Matrix Inversion

The Gauss-Seidel technique is an iterative method of inverting a system of linear
equations. The system is expressed as a set of equations in which each unknown parameter
is given as a function of the others. If iniﬁal -estimates are made for all parameters, an updated .
value for the first unknown can be calculated. This new value, along with the initial guesses
for all the other parameters, can be substituted into the equation for the second unknown, and
so on. For each unknown, the most recently found estimates of the other parameters are used.

Iterations will converge to a solution of the original system for sufficiently well-behaved systems.

Consider the system described by (E.4) and (E.5) above. Each parameter T} is given in

terms of the others by

=2 _ (E.6)
Here aix represents the k** diagonal element, rather than the trace, of the coefficient matrix.
Initial estimates of all the T; are made, enabling updated values to be computed. As new. values
are found, they immediately replace the previous estimates which had been used in the right--

hand-sides of the equations (E.8).

iieli;fivé procedures such as the G#uss-Seidel method are particularly suited for sparse
matrix inversion since the number of stored parameters and computations required depénds on
the number of non-zero coefficients. Given the fixed radiometer geometry, and the sky coverage
having a single zenith declination, a particular pixel could be linked by measurements to pixels
in at most two other regions of the sky. The number of non-zero matrix elements in the normal
‘ equations is therefore approximately proportional to the number of obsevaed pixels, rather than
to the square of the number of pixels as would be the c;a.se if the pixels were more gex_aerally

interconnected.

- A sufficient, but not necessary, condition .for the iterations to converge is that the
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diagonal coefficient of each row of the coefficient matrix dominate the other terms in the row

(Carnahan et al., 1969):

lagil > Y laskl- . (ET)
k##j

If the coefficients are sufficiently well distributed (there being no p x g submatrix of the n X n
~ coefficient matrix which is all zero and for which p+ q = n), the strict inequality can be relaxed

to

lail = Y lajl o (E.8)
) k#j - o )

provided that (E.7) holds for at least one row (Hildebrand, 1956).

From the definitions in (E.4) we have a;; = 3 kst j1a;k|, not satisfying_ eqpat19qs (E.7).
Nevertheless, the map iterations converge quite rapidly for the 90 GHz data. The RMS and
~ the maximum change in the pixel values per iteration, taken over the entire map, decrease
mondctonically as iterations increase. - Consecutive changes in the value of any given pixel do
not necessarily decrease unless that pixel is the one having the greatest change. To provide the
required additioﬁal constraint, the weighted mean of all pixel values was set to zero by addition
of a constant to all pixels. The maps presented in Chapter 5 were the results of 200 iterations;
the RMS change in pixel value during the 200" iteration was on the order of tenths of K per

pixel.

E.3 Jacobi Iterative Method

The Jacobi method, like the Gauss-Seidel approach, computes updated parameter‘ values
froni initial guesses or prior iteration res.ults. Ho'wever, the new values coinputed during an
iteration are not used in later computations within the same iteration. Instead, all béramet.er
values are updated simultaneously at the end of each iteration. The Jacobi method generally

does not converge as fast as the Gauss-Seidel technique and was not used for the 90 GHz maps.

v
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E.4 Non-Iterative Method

A differential map can be constructed from differential data without iteration by sum-
ming, with the appropriate sign, all observations of a pixel by either radiometer beam. If the
radiometer output values AT; are the differences Tas — TBi, with T4i and Tp; defined as aﬁove,
then the differential map value for pixel j is }_; AT;5 — 3; AT:62. This value is equivalent to

the result of one iteration of the Jacobi method if an initial value of zero is selected for all pixels.
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Radiometer Parts S ?

Component

Antenna

Batteries, gelled-electrolyte
lead-acid

Coupler, directional ring
Dewar, cryogenic

Diode, detector

Diode, mixer

FETs, GaAs, for cooled IF amp

Filter, bandpass
Filter, notch

Gunn diode oscillator
IF amp, uncooled

Mizxer block

Motor, chopper

Motor, rotor
Magnetometers, fluxgate
Magnetometers, Hall effect
Tape logger

Temperature sensors

Termination, waveguide

-

Appendiz F

Manufacturer and Model

Petersen Instruments, 90 GHz scalar feed horn
Powersonic PS-1260, PS-1265

Custom Microwave Components, WR-10
waveguide, gold-plated

Infrared Laboratories helium-cooled dewar,
Model HD-3(8)

Hewlett Packard 8472B

Chip 2P8-500, GaAs, supplied by Roger Mattauch,
Department of Electrical Engineering,
University of Virginia,
Charlottesville, VA

Mitsubishi MGF-1412

K & L Microwave Model 8B120-1375/295-OP /O

K & L Microwave Model F6N45-1485.5/40-0/0

Central Microwave CMF1210AE
Miteq Model AM-5A-0420

Custom Microwave Components, WR-10
waveguide, gold-plated

Globe/TRW DC Motor 319A101-8
Globe/ TRW DC Motor 5A561-1
Develco Model 9200C

F. W. Bell Model BH-850

Datel Intersil LPS-16

Analog Devices AD590

Baytron Co., Model 3R-50
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Appendiz G

Azimuthal Anisotropy Coefficients

For a differential radiometer having two beams at zenith angle 6 which are 180° apart
in azimuth, the dependence of the output signal on azimuth angle can be used to find the dipole

and quadrupole terms of a spherical-harmonic expansion of the CBR anisotropy.

- Interms of the basis functions defined in Table 5.1, the CBR temperature in the direction

of unit vector fi = (ng,ny,n,) towards (right ascension, declination) = (o, §) is given by

Tesr=To+ 3, Tini+ Y Qian). | | (G.1)

1=2z,y,2 1=1,5

The temperature difference measured between radiometer beams A and B is

5

AT =Ty —Tap = 3, Ti-{nai—nsi}+ 3 Qi {gi(ha) — qilha)}. (G2)
) i=1z,y,2 g==1

Expressing the functions n; and g;(n) of the direction vector components in terms of

the radiometer zenith right ascension « and declination 6, the beam zenith angles 8, and the

azimuth angle ¢ of the direct beam A, the temperature difference in (G.2) becomes
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AT = ( 2sind siné cosacosg + 2sind  sinasing) Ty
+ ( 2sinf# siné sinacos¢ — 2sind cosasing) Ty
<+ (—2sind cosﬁ cos ¢ ) T,
+ —g.sin20gsin:26 cos ¢ . ) &1 (G.3)
<+ (—2sin2fcos526 cosa cos¢ -+ 2s5in20 sind sina sing ) Q2
+ (—2sin26cos26 sina cos¢ — 2s5in26 sind cosasing ) Qs
+ | sin 20 sin 26 cos 2acos ¢ =+ 25in20 cosdsin2asing ) Q4

+ sin 20 sin 26 sin 2acos ¢ — 2sin 26 cosdcos2asing ) Qs.

In (G.3), the coeflicients of cos¢ and sin ¢ depend on the to-be-found mthfpole para-
meters {a;} = {7z, Ty, T>,Q1,Q2,@3,Q4,Qs} as well on as the sky position and the radiometer
geometry. Grouping together the cos¢ and sin¢ céeﬁicients we can deﬁne functions W¢ and

“W¢ by AT(¢) = W‘({a,},a 6,6)cos ¢ + W"'({a]} a,f 0)sm¢ D1v1d1ng the radiometer data
into intervals and fitting the data over each interval i to an analogous expression AT(¢)

(ATS £ oS)cos ¢ + (ATE & 0f)sing, we can form an expressmn for x3:

(G.4)

We({es}, 0i,6,,0)— ATE " | [Wo({ay}, 0i,6,0)— AT
X2{a]} — 2 ac t + - [}
o : . J i

In (G.4), a; and §; are the average right ascension and declination over the i*” interval. Minimizing
x2 with respect to the anisotropy dipole and quadrupole parameters {a;}, as described in

Appendix D, determines the best-fit parameters.



Acknowledgements ' 138

Acknowledgements

When I ﬁrsf got into the ballooning business, I was promptly regaled with legend and
‘lore about various ballooning disasters of the past, including the “Lost in the Badlands” saga,
the “Lost at Sea” story, and the “Great Airport Disaster”. I did not expect at the time to make
my own contribution to that body of technical literature. Nevertheless, I am grateful for the
opportunity I've had to-do this experiment and to work with those who have made it possible.
- - Without Phil Lpbin's direction, .dgdication, motivation, and insight, this project»wou]d quite
literally never have gotten off the ground. The experiment has been the fruition of some of Phil’s;
ideas, and the breeding ground for many more. A special note of thanks is due Phil’s family, who
endured his absence on more than a few field expeditions, and who probably thought he was done
with grad student hours when he finished his own PhD. George Smoot has taught me about data,
about analysis, and about what they have to do with science. He has also tried to instill in me
some sense of organization. Hal Dougherty’s precision mechanical design and construction was
as attractive as it was functional. John Gibson designed and built most of f,he electronics. Both
Hal and John were tolerant beyond the call of duty when yesterday’s rush job became today’s
re-design. Tap Lum and the U.C. Radio Astromony Laboratory were invaluable in building the

GaAs FET amplifiers; George Jackson and Armi Meuti also helped build the experiment.

I especially thank Rainer Weiss and David Wilkinson for flying, at no insignificant risk

to their own experiments, the 90 GHz radiometer on their gondolas. The skilled staff of the



Ackpowledgements 134

National Scientific Balloon Facility in Palestine, TX has been competent and friendly. I also

thank the Instituto de PeSquisas Espacias in Sao José dos Cempos, SP, Brasil, for their assistance
and cooperation. Ted Stubbs and the K-Division Analog Tape Center at Lawrence Livermore
National Laboratory helped digitize the Brazilian telemetry data. This thesis has been typeset

with the TeX typesetting program (Knuth, 1979).

I've enjoyed working with my fellow students: Scott “i-before-e” Friedman, Chris W-i-
t-“e”-as-in-Edward- “b” -as-in-Baker-s-k-y Witebsky, Giovanni De Amici, Phil Melese, and Steve
Levin. I also thank two of my predecessors at Princeton and Berkeley, Mark Gorenstein and

Brian Coi'e'y; for their exceptionally helpful theses. Faye Mitschang and Nancy Gusack have

done an ‘admirable job keeping the Astrophysics group running; Nancy. also was the one other

perseli in Ber'kele'j' who would keep Silver Spring, MD, from. going plural. The r_esoiu_rces of the

LaQwreﬁce Bei-.l'(el‘eyr'l;abbratory have been much appreciated and utilized, as has been the support

‘of the U C. Berkeley Space Sciences Laboratory. This work has been supported in part by NASA

and the Department of Energy California Space Institute (CalSpace) fundmg has also been
partlcularly appreclated The Fannie and John Hertz Foundatlon has supported me throughout

mygraduatestayatBerkeley.' IR e T

»



L5

v

References : ' 135

References

> Alpher, R. and Herman, R., Phys. Rev. 75, 1089 (1949).

Barber, Mark, IEEE Trans. Microwave Theory Tech. MTT-15 ‘6'29.(1967),
Barrow, J. D. amd Matzner, R. A., Mon. Not. R. Astr Soc. 181 719 (1917)

Barrow; J. D. and Turner, M. S, Nature 298 801 (1982)

- Bevington; P. R., Data Reduction- and Error Analysis for the Ph.yszcal Sczences McGraw-Hill,

New York (1969)

:Bo]dt E Comments Astrophys 9, 97 (1981)

BOIldl H. and Gold T Mon. Not R. Astr. Soc 108, 252 (1948).

Born, M. and Wolf, E., Principles of Optzcs, Pergamon Press (1964).

Boughn, S. P., Fram, D. M., Partridge, R. B., Ap. J. 165, 439 (1971).

Boughn S. P, Cheng E. S., and Wilkinson D T., Ap. J. Lett. 243, L113 (1981).

Carnahan B Luther H A., and Wilkes, J O., Applied Numerical Methods, Wlley, New York
(1969)..

Carr, B. J. and Rees, M. J., Nature 278, 605 (1979).’

Carter, “Large Number Coincidences and the Anthropic Principle in Cosmology,” in Confron-
tation of Cosmological Theories with Observational Data, edited by M. S. Longair, LA.U.
Symposium No. 63, D. Reidel, Dordrecht, Holland (1974)."

Ceccarelli, C., Dall’Oglio, G., Melchiorri, F., and Pietrancra, L., Ap J. 260, 4841 (1982).

Cheng, E. S., Saulson, P. R., Wilkinson, D. T., and Corey, B. E., Ap."J. Lett. 232, L139 (1979).

Cole, A., Court, A., and Kantor, A. J., “Model Atmospheres,” in Handbook of Geophysics and
Space Environment, edited by S. L. Valley, Office of Aerocpace Research, USAF, Cambridge
Research Lab (1965).



References 136

Collins, C. B. and Hawking, S. W., Ap. J. 180, 317 (1973a).
Collins, C. B. and Hawking, S. W., Mon. Not. R. Astr. Soc. 162, 307 (1973b).

Conklin, E. K., Nature 222, 971 (1969).

‘s

Corey, B., Ph.D. Thesis, Princeton fJniversitj ('1978).

Danese, L. and De Zotti, G., Astron. Astrophys. 94, 1.33 (1981). ‘
Davis, Jesse, NRAO Electronics Division Internal Report 177 (1977).

Davis, M. and Peebles, P. J. E., Ap. J. 267, 465 (1983a).

Davis, M. and Peebles, P. J. E., Ann. Rev. Astron. Astrophys. 21, 109 (1983b).

De Vaucouleurs, G., Peters, W., Bottinelli, L., Gougenheim, L., Paturel, G., Ap. J. 248, 408 (1981).

Dicke, R. H., Nature 192, 440 (1961).

Dicke, R. H., Rev. Se. Inst. 17, 268 (1946).

Dicke, R. H., Beringer, R., Kyhl, R. L., and Vane, A. B., Phys. Rev. 70, 340 (1946).

Dicke, R. H., Peebles, P. J. E., Roll, P. G., and Wilkinson, D. W., Ap. J. 142, 414 (1965).

Evans, G. and McLeish, C., RF Radiometer Handbook, Artech House, Inc., Dedilam, MA. (1977).

Fabbri, R., Guidi, I, Melchiorri, F. and Natale, V., Phys. Rev. Lett 44, 1563 (1980)

Fabbri, R., Guidi, I and Natale, V., Ap. J 257,17 (1982)

Fall, S. M., and Jones, B. J.T, Nature 262, 467 (1976).

Fixsen, D., Ph.D. Thesxs, Princeton University (1982)

lesen D. J Cheng, E. S. and Wllkmson D. T Phys. Rev. Lett. 50, 620 (1983).

Gamow G, Phys Rev 70, 572 (1946)

Gamow, G., Phys. Rev. T4, 505 (1948).

‘Gorenstein; M. V., Ph.D. Thesis, University of California, Berkeley (1978). ~

Gorenﬁtem M. V. and Smoot, G. F , Ap. J. 244, 361 (1981).

L3

Guth, A. H., Phys. Rev. D23, 347 (1981).

_Harrison, E. R., Cosmology, the Science of the Universe, Cambridge Universe Press, Cambridge
(1981)

Hart L., and Davies, R D., Nature 297, 191 (1982)



References : 137

Hawking, S., Mon. Not. R. Astr. Soc. 142, 129 (1969).

Haslam, C. G. T., Salter, 'C. J., Stoffel, H., and Wilson, W. E.; Astron. Astrophys. Suppl
Ser. 47, 1 (1982). '

Heiles, C., and Habing, H. J., Astron. Astrophys. Suppl. Ser. 14,1 (1974).
Hi.ldebrand, F. B., Introduction to Numerical Analysts, McGraw-Hill, New York (1956).
Hogan, C. J., Kaiser, N., and Rees, M. J., Phil. Trans. R. Soc. Lond. A 307, 97 (1982).

~Janssen, M., Bednarczyk, S., Gulkis, S., Marlin, H., and Smoot, G. F., IEEE Trans. Ant.
Prop. AP-27, 551 (1979).

Kerr, Anthony, IEEE Trans. Microwave Theory Tech. MTT-23, 781 (1975).

Knuth, Donald E., TeX and Metafont, New Directions in Typesetting, Digital Press, Bedford, MA
(1979). .

Kraus, John D., Radio Astronomy, McGraw-Hill, New York (1966).

Kuhn, Thomas S., The Copernican Revolution, Planetary Astronomy in the Development of
Western Thought, Harvard University Press, Cambridge, MA (1957).

. Kubn, Thomas S., The Structure of Scientific Revolutions, Chicago University Press, Chicago
(1970). '

Lubin, P., Epstein, G., and Smoot, G., Phys. Rev. Lett. 50, 616 (1983a).
Lubin, P., Melese, P., and Smoot, G., Ap. J. Lett. 273, L51 (1983b).

Lubin, P., Fizsen, D., Cheng, E., and Epstein, G., Ap. J., submitted (1983c).
Martin, B. R., Statistics for Physicists, Academic Press, London (1971).
Mather, J. and Kelsall, T., Physica Scripta 21, 671 (1980).

Meyer, D. H. and Jura; M., Ap. J. Lett. 276, L1 (1984).

Milne, E., Zestschrift fiir Astrophysik 6, 1 (1933).

Misner, C. W., Thorne, K. S., and Wheeler, J. A., Gravitation, W. H. Freeman and Co., San
Francisco (1973).

Misner, C. W., Ap. J 151, 431 (1968).

NASA Goddard Space Flight Center, Interim Study Report for Cosmic Background Ezplorer, p.
48 (1977)..

Owens, D. K., Muehlner, D. J., and Weiss, R., Ap. J. 231, 702 (1979).

Partridge, R. P. and Wilkinson, D. T., Phys. Rev. Lett. 18, 557 (1967).



References 138

Peebles, P. J. E., Physical Cosmology, Princeton University Press, Princeton, New Jersey (1971).

Peebles, P. J. E. and Wilkinson, D. T., Phys. Rev. 174, 2168 (1968).

Peebles, P. J. E., Ap. J. Lett. 243, L119 (1981).

Peebles, P. J. E., Ap. J. 259, 442 (1982).

Penzias, A. A. and Wilson, R. W., Ap. J. 142, 419 (1965).

| Press, W. H., _“Galaxiés may be Single Particle Fluctuations from an Early False-Vacuum Era,”
in Cosmology and Particles, edited by Audouze et al., Proceedings of the Sixteenth Rencontre
de Moriond Astrophysics Meeting, Singapore National Printers (1981).

Rees, M. J., Ap. J. Lett. 153, L1 (1968).

" Roll, P. G. and Wilkinson, D. W., Phys. Rev. Lett. 16, 405 (1966).

Roll, P. G. and Wilkinson, D. W., Annals of Physics 44, 289 (1967).

Rubin, V. C., Thonnard, N., Ford, W. K., and Roberts, M. S., Astron. Jour. 81, 719 (1976).

Sandage, A. and Ta;mmann, G. A, Ap. J. Lett. 207, L1 (1976).

* Sciama, Dennis, Modern Cosmology, Cambridge, University f’ress, Cambridge (1971).

Silk, Joseph, The Big Bang, W. H. Freeman and Company, San Francisco (1980).

Silk, J. and Wilson, M., Ap. J. Lett. 244, L37 (1981).

Smoot, G., De Amici, G., Friedman, S., Witebsky, C., Mandolesi, R., Partridge, B., Sironi, G.,
Danese, L., and De Zotti, G., Phys. Rev. Lett. 51, 1099 (1983).

Smoot, G. F., Gorenstein, M. V., and Muller, R. A., Phys. Rev. Lett. 39, 898 (1977).
Smoot, G. F. and Lubin, P. M., Ap. J. Lett. 234, L83 (1979).

Ulaby, Fawwaz T., Moore, Richard K., and Fung, Adrian K., Microwave Remote Sensing, Active
and Passive, Vol. 1, Addison-Wesley, London (1981).

Weaver, H., and Williams, D. R. W., Astron. Astrophys. Supp. Ser. 8,1 (1973).
Weinreb, Sander and Kerr, Anthony, IEEE J. Solid-State Circuits SC-8, 58 (1973).

Weinberg, S., Grawtation and Cosmology: Principles and Applications of the General Theory of
Relativity, John Wiley and Sons, New York (1972).

Weinberg, S., The First Three Minutes, Basic Books, New York (1977).
Weiss, R. W., Ann. Rev. Astron. Astrophys. 18, 489 (1980).

Williams, D. R. and Lum, W., Microwave Journal 23, No. 11, T3, (October 1980).

23



References 139

Wilson, R. W., Science 205, 866 (1979).
Wilson, R. W. and Penzias, A. A., Science 156, 1100 (1967).

Witebsky, C., Univ. Cal. Berkeley Space Sctences Laboratory Astrophysical Note 374 (COBE
Memo # 5018), unpublished (1978).

Woody, D. P. and Richards, P. L., Phys. Rev. Lett. 42, 925 (1979).
Yahil, A., Tammann, G. A., and Sandage, A., Ap. J. 217, 903 (1977).

Yang, J., Schramm, D., Steigman, G., and Rood, R., Ap. J. 227, 697 (1979).



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




-t . %

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



