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The COBE Far Infrared Absolute Spectrophotometer (FIRAS) operated from ~30 to
~3,000 GHz (1-95 cm 1) and monitored, from polar orbit (~900 km), the ~3 K mi-
crowave background. Data released from FIRAS has been met with nearly universal ad-
miration. However, a thorough review of the literature reveals significant problems with
this instrument. FIRAS was designed to function as a differential radiometer, wherein
the sky signal could be nulled by the reference horn, Ical. The null point occurred at
an Ical temperature of 2.759 K. This was 34 mK above the reported sky temperature,
2.725+0.001 K, a value where the null should ideally have formed. In addition, an
18 mK error existed between the thermometers in Ical, along with a drift in temper-
ature of ~3 mK. A 5 mK error could be attributed to Xcal; while a 4 mK error was
found in the frequency scale. A direct treatment of all these systematic errors would
lead to a ~64 mK error bar in the microwave background temperature. The FIRAS
team reported ~1 mK, despite the presence of such systematic errors. But a 1 mK er-
ror does not properly reflect the experimental state of this spectrophotometer. In the
end, all errors were essentially transferred into the calibration files, giving the appear-
ance of better performance than actually obtained. The use of calibration procedures
resulted in calculated Ical emissivities exceeding 1.3 at the higher frequencies, whereas
an emissivity of 1 constitutes the theoretical limit. While data from 30-60 GHz was
once presented, these critical points are later dropped, without appropriate discussion,
presumably because they reflect too much microwave power. Data obtained while the
Earth was directly illuminating the sky antenna, was also discarded. From 300-660
GHz, initial FIRAS data had systematically growing residuals as frequencies increased.
This suggested that the signal was falling too quickly in the Wien region of the spec-
trum. In later data releases, the residual errors no longer displayed such trends, as the
systematic variations had now been absorbed in the calibration files. The FIRAS team
also cited insufficient bolometer sensitivity, primarily attributed to detector noise, from
600-3,000 GHz. The FIRAS optical transfer function demonstrates that the instrument
was not optimally functional beyond 1,200 GHz. The FIRAS team did not adequately
characterize the FIRAS horn. Established practical antenna techniques strongly suggest
that such a device cannot operate correctly over the frequency range proposed. Insuffi-
cient measurements were conducted on the ground to document antenna gain and field
patterns as a full function of frequency and thereby determine performance. The ef-
fects of signal diffraction into FIRAS, while considering the Sun/Earth/RF shield, were
neither measured nor appropriately computed. Attempts to establish antenna side lobe
performance in space, at 1,500 GHz, are well outside the frequency range of interest
for the microwave background (<600 GHz). Neglecting to fully evaluate FIRAS prior
to the mission, the FIRAS team attempts to do so, on the ground, in highly limited
fashion, with a duplicate Xcal, nearly 10 years after launch. All of these findings in-
dicate that the satellite was not sufficiently tested and could be detecting signals from
our planet. Diffraction of earthly signals into the FIRAS horn could explain the spectral
frequency dependence first observed by the FIRAS team: namely, too much signal in
the Jeans-Rayleigh region and not enough in the Wien region. Despite popular belief to
the contrary, COBE has not proven that the microwave background originates from the
universe and represents the remnants of creation.
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Fig. 1: Schematic representation of the COBE FIRAS instrument reproduced from [38]. The spectrometer is based on an interferometer
design wherein the signal from the sky horn is being compared with that provided by the reference horn. Each of the input signals is split by
grid polarizers, reflected by mirrors, and sent down the arms of the interferometer. Two output ports receive the resultant signal. An internal
calibrator, Ical, equipped with two germanium resistance thermometers (GRT), provides signal to the reference horn. During calibration,
the external calibrator, Xcal, is inserted into the sky horn. Xcal is monitored by three GRTs. The interferometer assembly includes a single
mirror transport mechanism (MTM). Specific details can be found in [38]. No knowledge about the functioning of FIRAS, beyond that
contained in this figure legend, is required to follow this work. The central elements are simply that FIRAS is made up of a sky horn, a
reference horn, Ical (2 thermometers), and Xcal (3 thermometers). Reproduced by permission of the AAS.

1 Introduction

Conceding that the microwave background [1] must arise
from the cosmos [2], scientists have dismissed the idea that
the Earth itself could be responsible for this signal [3-7].
Most realize that the astrophysical claims are based on the
laws of thermal emission [§—12]. Yet, few have ever person-
ally delved into the basis of these laws [13—17]. At the same
time, it is known that two satellites, namely COBE [18] and
WMAP [19], support the cosmological interpretation [2]. As
such, it seems impossible that an alternative explanation of
the findings could ever prevail.

In late 2006, I prepared a detailed review of WMAP
which uncovered many of the shortcomings of this instrument
[20]. A range of issues were reported, including: 1) the inabi-
lity to properly address the galactic foreground, 2) dynamic
range issues, 3) a lack of signal to noise, 4) poor contrast,
5) yearly variability, and 6) unjustified changes in processing
coefficients from year to year. In fact, WMAP brought only
sparse information to the scientific community, related to the
dipole and to point sources.

Nonetheless, the COBE satellite, launched in 1989, con-
tinues to stand without challenge in providing empirical proof
that the microwave background did come from the universe.
If COBE appears immune to criticism, it is simply because
scientists outside the cosmological community have not taken
the necessary steps to carefully analyze its results. Such an
analysis of COBE, and specifically the Far Infrared Absolute
Spectrophotometer, FIRAS, is provided in the pages which

18

follow. Significant problems exist with FIRAS. If anything,
this instrument provides tangential evidence for an earthly
source, but the data was discounted. A brief discussion of
the Differential Microwave Radiometers, DMR, outlines that
the anisotropy maps, and the multipoles which describe them,
are likely to represent a signal processing artifact.

1.1 The microwave background

When the results of the Cosmic Background Explorer
(COBE) were first announced, Stephen Hawking stated that
this “was the scientific discovery of the century, if not of all
time” [21, book cover], [22, p.236]. The Differential Mi-
crowave Radiometers (DMR) were said to have detected
“wrinkles in time”, the small anisotropies overlaid on the fab-
ric of a nearly isotropic, or uniform, microwave background
[21]. As for the COBE Far Infrared Absolute Spectropho-
tometer, FIRAS (see Figure 1), it had seemingly produced the
most perfect blackbody spectrum ever recorded [23—45]. The
blackbody curve deviated from ideality by less than 3.4x10~8
ergs cm~2 s~ sr~! ¢cm [35] from ~60-600 GHz. Eventually,
the FIRAS team would publish that the “rms deviations are
less than 50 parts per million of the peak of the cosmic mi-
crowave background radiation” [39]. As seen in Figure 2,
the signal was so powerful that the error bars in its detection
would form but a slight portion of the line used to draw the
spectrum [39]. For its part, the Differential Microwave Ra-
diometers (DMR), beyond the discovery of the anisotropies
[21], had also confirmed the motion of the Earth through the
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Fig. 2: Spectrum of the microwave background reproduced from
[39]. This figure is well known for the claim that the error bars
it contains are but a small fraction of the line width used to draw
the spectrum. While this curve appears to represent a blackbody,
it should be recalled that FIRAS is only sensitive to the difference
between the sky and Xcal. This plot therefore reflects that the signal
from the sky, after extensive calibration, is indistinguishable from
that provided by Xcal. Since the latter is presumed to be a perfect
blackbody, then such a spectrum is achieved for the sky. Note that
the frequency axis is offset and all data below 2 cm ™! have been
excluded. Reproduced by permission of the AAS.

local group, as established by a microwave dipole [46—49].

Over one thousand professional works have now appeared
which directly utilize, or build upon, the COBE results [22,
p-247]. Yet, sparse concern can be found relative to any
given aspect of the COBE project. Eventually, George Smoot
and John Mather, the principle investigators for the DMR and
FIRAS projects, would come to share the 2006 Nobel Prize in
physics. Less than 30 years had elapsed since Arno Penzias
and Robert Wilson received the same honor, in 1978, for the
discovery of the ~3 K microwave background [1].

Before the background was officially reported in the lit-
erature [1], the origin of the signal had already been ad-
vanced by Dicke et al. [2]. The interpretive paper [2] had
immediately preceded the publication of the seminal discov-
ery [1]. If the microwave background was thermal in ori-
gin [8-12], it implied a source at ~3 K. Surely, such a sig-
nal could not come from the Earth. For the next 40 years,
astrophysics would remain undaunted in the pursuit of the
spectrum, thought to have stemmed from the dawn of cre-
ation. Smoot writes: “Penzias and Wilson’s discovery of the
cosmic microwave background radiation was a fatal blow to
the steady state theory” [21, p.86]. The steady state theory
of the universe [50, 51] was almost immediately abandoned
and astrophysics adopted Lemaitre’s concept of the primor-
dial atom [52], later known as the Big Bang. Cosmologists
advanced that mankind knew the average temperature of the
entire universe. Thanks to COBE, cosmology was thought to
have become a precision science [53, 54].
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Throughout the detection history of the microwave back-
ground, it remained puzzling that the Earth itself never pro-
vided interference with the measurements. Water, after all,
acts as a powerful absorber of microwave radiation. This
is well understood, both at sea aboard submarines, and at
home, within microwave ovens. As such, it seemed unlikely
that the surface of our planet was microwave silent in every
CMB experiment which preceded COBE. The only interfer-
ence appeared to come from the atmosphere [55-57]. The
latter was recognized as a powerful emitter of microwave ra-
diation. The presence of water absorption/emission lines and
of the water continuum, within the atmosphere, was well doc-
umented [55-57]. Nonetheless, emission from the Earth itself
was overlooked.

The microwave signal is isotropic [1], while the Earth is
anisotropic. The Earth experiences a broad range of real tem-
peratures, which vary according to location and season. Yet,
the background is found to be independent of seasonal vari-
ation [1]. The signal is definitely thermal in origin [9-17].
Most importantly, it is completely free from earthly contami-
nation. The background appears to monitor a source temper-
ature near ~3 K. Earthly temperatures average ~300 K and
seldom fall below ~200 K, even at the poles. It seems im-
possible that the Earth could constitute the source of this sig-
nal [3-7]. Everything can be reconsidered, only if the temper-
ature associated with the microwave background signature is
not real. Namely, that the source temperature is much higher
than the temperature reported by the photons it emits. Insight
in this regard can be gained by returning to the laws of ther-
mal emission [8—12], as [ have outlined [13-17].

1.2 Kirchhoff’s law

One hundred and fifty years have now passed, since Kirch-
hoff first advanced the law upon which the validity of the mi-
crowave background temperature rests [9]. His law of thermal
emission stated that radiation, at equilibrium with the walls of
an enclosure, was always black, or normal [9, 10]. This was
true in a manner independent of the nature of the enclosure.
Kirchhoff’s law was so powerful that it would become the
foundation of contemporary astrophysics. By applying this
formulation, the surface temperatures of all the stars could be
evaluated, with the same ease as measuring the temperature of
a brick-lined oven. Planck would later derive the functional
form of blackbody radiation, the right-hand side of Kirch-
hoft’s law, and thereby introduce the quantum of action [10].
However, since blackbody radiation only required enclosure
and was independent of the nature of the walls, Planck did not
link this process to a specific physical cause [13—17]. For as-
trophysics, this meant that any object could produce a black-
body spectrum. All that was required was mathematics and
the invocation of thermal equilibrium. Even the requirement
for enclosure was soon discarded. Processes occurring far out
of equilibrium, such as the radiation of a star, and the alleged
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expansion of the universe, were thought to be suitable candi-
dates for the application of the laws of thermal emission [2].
To aggravate the situation, Kirchhoff had erred in his claim
of universality [13—17]. In actuality, blackbody radiation was
not universal. It was limited to an idealized case which, at
the time, was best represented by graphite, soot, or carbon
black [13-17]. Nothing on Earth has been able to generate
the elusive blackbody over the entire frequency range and
for all temperatures. Silver enclosures could never produce
blackbody spectra. Kirchhoff’s quest for universality was fu-
tile [13—17]. The correct application of the laws of thermal
emission [8—12] requires the solid state. Applications of the
laws to other states of matter, including liquids, gases, stars,
and primordial atoms, constitute unjustified extensions of ex-
perimental realities and theoretical truths [13-17].

Since the source of the microwave background [1] could
not possibly satisfy Kirchhoff’s requirement for an enclosure
[9], its ~3 K temperature might only be apparent [13-17].
The temperature of the source could be very different than
the temperature derived from its spectrum. Planck, indeed,
advanced the same idea relative to using the laws of thermal
emission to measure the surface temperature of the Sun. He
wrote: “Now the apparent temperature of the sun is obviously
nothing but the temperature of the solar rays, depending en-
tirely on the nature of the rays, and hence a property of the
rays and not a property of the sun itself. Therefore it would
be, not only more convenient, but also more correct, to apply
this notation directly, instead of speaking of a fictitious tem-
perature of the sun, which can be made to have a meaning
only by the introduction of an assumption that does not hold
in reality” [58, §101]. Without a known enclosure, spectra ap-
pearing Planckian in nature do not necessarily have a direct
link to the actual temperature of the source. The Sun operates
far out of thermal equilibrium by every measure, as is evi-
dent by the powerful convection currents on its surface [59].
Furthermore, because it is not enclosed within a perfect ab-
sorber, its true surface temperature cannot be derived from
the laws of thermal emission [59]. These facts may resemble
the points to which Planck alludes.

1.3 The oceans of the Earth

The COBE team treats the Earth as a blackbody source of
emission at ~280 K [48]. Such a generalization seems plau-
sible at first, particularly in the near infrared, as revealed by
the remote sensing studies [60,61]. However, FIRAS is mak-
ing measurements in the microwave and far-infrared regions
of the spectrum. It is precisely in this region that these as-
sumptions fail. Furthermore, the FIRAS team is neglecting
the fact that 70% of the planet is covered with water. Water
is far from acting as a blackbody, either in the infrared or in
the microwave. Using remote sensing, it has been well es-
tablished that rainfall causes a pronounced drop in terrestrial
brightness temperatures in a manner which is proportional to
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the rate of precipitation. In the microwave region, large bod-
ies of water, like the oceans, display brightness temperatures
which vary from a few Kelvin to ~300 K, as a function of
angle of observation, frequency, and polarization (see Fig-
ure 11.45 in [62]). Since the oceans are not enclosed, their
thermal emission profiles do not necessarily correspond to
their true temperatures. The oceans of the Earth, like the Sun,
sustain powerful convection currents. Constantly striving for
equilibrium, the oceans also fail to meet the requirements for
being treated as a blackbody [13-17].

In order to understand how the oceans emit thermal ra-
diation, it is important to consider the structure of water it-
self [6]. An individual water molecule is made up of two hy-
droxyl bonds, linking a lone oxygen atom with two adjacent
hydrogens (H—O—H). These are rather strong bonds, with
force constants of ~8.45x10% dyn/cm [6]. In the gas phase, it
is known that the hydroxyl bonds emit in the infrared region.
The O—H stretch can thus be found near 3,700 cm~?, while
the bending mode occurs near 1,700 cm~?! [63]. In the con-
densed state, liquid water displays corresponding emission
bands, near 3,400 cm~—! and 1,644 cm™—! [63, p.220]. The
most notable change is that the O—H stretching mode is dis-
placed to lower frequencies [63]. This happens because water
molecules, in the condensed state (liquid or solid), can inter-
act weakly with one another, forming hydrogen bonds [63].
The force constant for the hydrogen bond (H2O - - - HOH) has
been determined in the water dimer to be on the order of
~0.108x10° dyn/cm [6,64,65]. But, in the condensed state,
a study of rearrangement energetics points to an even lower
value for the hydrogen bond force constant [66]. In any event,
water, through the action of the hydrogen bond, should be
emitting in the microwave and far-IR regions [6, 63]. Yet,
this emission has never been detected. Perhaps, the oceanic
emission from hydrogen bonds has just been mistaken for a
cosmic source [2].

1.4 Ever-present water
1.4.1 Ground-based measurements

From the days of Penzias and Wilson [1], ground-based mea-
surements of the microwave background have involved a cor-
rection for atmospheric water contributions (see [56] for an
in-depth review). By measuring the emission of the sky at
several angles (at least two), a correction for atmospheric
components was possible. Further confidence in such proce-
dures could be provided through the modeling of theoretical
atmospheres [55, 56]. Overall, ground-based measurements
were difficult to execute and corrections for atmospheric con-
tributions could overwhelm the measurement of interest, par-
ticularly as higher frequencies were examined. The emission
from atmospheric water was easy to measure, as Smoot re-
calls in the “parking lot testing” of a radiometer at Berke-
ley: “An invisible patch of water vapor drifted overhead; the
scanner showed a rise in temperature. Good: this meant the
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instrument was working, because water vapor was a source
of stray radiation” [21, p. 132].

The difficulty in obtaining quality measurements at high
frequencies was directly associated with the presence of the
water continuum, whose amplitude displays powerful fre-
quency dependence [55,56]. As a result, experiments were
typically moved to locations where atmospheric water was
minimized. Antarctica, with its relatively low atmospheric
humidity, became a preferred monitoring location [55]. The
same was true for mountain tops, places like Mauna Kea
and Kitt Peak [55]. Many ground-based measurements were
made from White Mountain in California, at an elevation of
3800 m [55]. But, there was one circumstance which should
have given cosmologists cause for concern: measurements
located near the oceans or a large body of water. These were
amongst the simplest of all to perform. Weiss writes: “Tempe-
rature, pressure, and constituent inhomogeneities occur and
in fact are the largest source of random noise in ground-based
experiments. However, they do not contribute systematic er-
rors unless the particular observing site is anisotropic in a
gross manner — because of a large lake or the ocean in the di-
rection of the zenith scan, for example. The atmospheric and
CBR contributions are separable in this case without further
measurement or modeling” [67, p. 500]. Surely, it might be of
some importance that atmospheric contributions are always a
significant problem which is only minimized when large bod-
ies of condensed water are in the immediate scan direction.

The interesting interplay between atmospheric emissions
and liquid surfaces is brought to light, but in a negative fash-
ion, in the book by Mather [22]. In describing British work
in the Canary Islands, Mather writes: “Their job was unusu-
ally difficult because Atlantic weather creates patterns in the
air that can produce signals similar to cosmic fluctuations. It
took the English scientists years to eliminate this atmospheric
noise...” [22, p.246-247]. As such, astronomers recognized
that the Earth was able to alter their measurements in a sub-
stantial manner. Nonetheless, the possibility that condensed
water itself was responsible for the microwave background
continued to be overlooked.

1.4.2 U2 planes, rockets, and balloons

As previously outlined, the presence of water vapor in the
lower atmosphere makes all measurements near the Wien
maximum of the microwave background extremely difficult,
if not impossible, from the ground. In order to gain more
elevation, astrophysicists carried their instruments skywards
using U2 airplanes, rockets, and balloons [21, 22]. All
too often, these measurements reported elevated microwave
background temperatures. The classic example is given by
the Berkeley-Nagoya experiments, just before the launch of
COBE [68]. Reflecting on these experiments, Mather writes:
“A greater shock to the COBE science team, especially to
me since I was in charge of the FIRAS instrument, was an
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announcement made in early 1987 by a Japanese-American
team headed by Paul Richards, my old mentor and friend at
Berkeley, and Toshio Matsumoto of Nagoya University. The
Berkeley-Nagoya group had launched from the Japanese is-
land of Kyushu a small sounding rocket carrying a spectro-
meter some 200 miles high. During the few minutes it was
able to generate data, the instrument measured the cosmic
background radiation at six wavelengths between 0.1 mil-
limeter and 1 millimeter. The results were quite disquieting,
to say the least: that the spectrum of the cosmic microwave
background showed an excess intensity as great as 10 per-
cent at certain wavelengths, creating a noticeable bump in
the blackbody curve. The cosmological community buzzed
with alarm” [22, p. 206]. The results of the Berkeley-Nagoya
group were soon replaced by those from COBE. The ori-
gin of the strange “bump” on the blackbody curve was never
identified. However, condensation of water directly into the
Berkeley-Nagoya instrument was likely to have caused the
interference. In contrast, the COBE satellite was able to op-
erate in orbit, where any condensed water could be slowly
degassed into the vacuum of space. COBE did not have to
deal with the complications of direct water condensation and
Mather could write in savoring the COBE findings: “Rich
and Ed recognized at once that the Berkeley-Nagoya results
had been wrong” [22, p.216]. Nonetheless, the Berkeley-
Nagoya experiments had provided a vital clue to the astro-
physical community.

Water seemed to be constantly interferring with mi-
crowave experiments. At the very least, it greatly increased
the complexity of studies performed near the Earth. For in-
stance, prior to flying a balloon in Peru, Smoot reports: “It is
much more humid in the tropics, and as the plane descended
from the cold upper air into Lima, the chilly equipment con-
densed the humidity into water. As a result, water collected
into the small, sensitive wave guides that connect the differen-
tial microwave radiometer’s horns to the receiver. We had to
take the receiver apart and dry it. . . Our equipment had dried,
so we reassembled it and tested it: it worked” [21, p. 151].

Still, little attention has been shown in dissecting the un-
derlying cause of these complications [6]. Drying scientific
equipment was considered to be an adequate solution to ad-
dress this issue. Alternatively, scientists simply tried to pro-
tect their antenna from condensation and added small mon-
itoring devices to detect its presence. Woody makes this
apparent, relative to his experiments with Mather: “On the
ground and during the ascent, the antenna is protected from
atmospheric condensation by two removable windows at the
top of the horn. .. At the same time, a small glass mirror al-
lows us to check for atmospheric condensation in the an-
tenna by taking photographs looking down the throat of the
horn and cone” [69, p. 16]. Indeed, monitoring condensation
has become common place in detecting the microwave back-
ground using balloons. Here is a recent excerpt from the 2006
flight of the ARCADE 2 balloon: “A video camera mounted
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on the spreader bar above the dewar allows direct imaging of
the cold optics in flight. Two banks of light-emitting diodes
provide the necessary illumination. The camera and lights
can be commanded on and off, and we do not use data for
science analysis from times when they are on” [70]. They
continue: “The potential problem with a cold open aper-
ture is condensation from the atmosphere. Condensation on
the optics will reflect microwave radiation adding to the ra-
diometric temperature observed by the instrument in an un-
known way. In the course of an ARCADE 2 observing flight,
the aperture plate and external calibrator are maintained at
cryogenic temperatures and exposed open to the sky for over
four hours. Figure 12 shows time averaged video camera im-
ages of the dewar aperture taken two hours apart during the
2006 flight. No condensation is visible in the 3 GHz horn
aperture despite the absence of any window between the horn
and the atmosphere. It is seen that the efflux of cold boiloff he-
lium gas from the dewar is sufficient to reduce condensation
in the horn aperture to below visibly detectable levels” [70].

The fact that condensation is not visible does not imply
that it is not present. Microscopic films of condensation could
very well appear in the horn, in a manner undetectable by the
camera. In this regard, claims of strong galactic microwave
bursts, reported by ARCADE 2 [70,71] and brought to the
attention of the public [72], must be viewed with caution.
This is especially true, since it can be deduced from the pre-
vious discussion, that the camera was not functional during
this short term burst. In any event, it is somewhat improbable
that an object like the galaxy would produce bursts on such a
short time scale. Condensation near the instrument is a much
more likely scenario, given the experimental realities of the
observations.

It remains puzzling that greater attention is not placed
on understanding why water is a source of problems for mi-
crowave measurements. Singal et al. [70], for instance, be-
lieve that condensed water is a good reflector of microwave
radiation. In contrast, our naval experiences, with signal
transmission by submarines, document that water is an ex-
tremely powerful absorber of microwave radiation. There-
fore, it must be a good emitter [8—12].

It is interesting to study how the Earth and water were
treated as possible sources of error relative to the microwave
background. As a direct precursor to the COBE FIRAS horn,
it is most appropriate to examine the Woody-Mather instru-
ment [69,73]. Woody provides a detailed error analysis, as-
sociated with the Mather/Woody interferometer-based spec-
trometer [69]. This includes virtually every possible source
of instrument error. Both Mather and Woody view earthshine
as originating from a ~300 K blackbody source. They ap-
pear to properly model molecular species in the atmosphere
(H30, O, ozone, etc...), but present no discussion of the ex-
pected thermal emission profile of water in the condensed
state on Earth. Woody [69, p.99] and Mather [73, p. 121]
do attempt to understand the response of their antenna to the
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Earth. Woody places an upper limit on earthshine [69, p. 104]
by applying a power law continuum to model the problem.
In this case, the Earth is modeled as if it could only produce
300 K photons. Such a treatment generates an error correc-
tion which grows with increasing frequency. Woody reaches
the conclusion that, since the residuals on his fits for the mi-
crowave background are relatively small, even when earth-
shine is not considered, then its effect cannot be very signif-
icant [69, p. 105]. It could be argued that continental emis-
sion is being modeled. Yet, the function selected to represent
earthly effects overtly dismisses that the planet itself could be
producing the background. The oceans are never discussed.
Though Mather was aware that the water dimer exists in
the atmosphere [73, p. 54], he did not extend this knowledge
to the behavior of water in the condensed state. The poten-
tial importance of the hydrogen bond to the production of the
microwave background was not considered [73]. At the same
time, Mather realized that condensation of water into his an-
tenna created problems. He wrote: “The effect of air condens-
ing into the antenna were seen...” [73, p. 140]. He added:
“When the second window was opened, the valve which con-
trols the gas flow should have been rotated so that all the gas
was forced out through the cone and horn. When this situ-
ation was corrected, emissions from the horn were reduced
as cold helium has cooled the surfaces on which the air had
condensed, and the signal returned to its normal level” [73,
p.- 140-141]. Mather does try to understand the effect of
diffraction for this antenna [73, p. 112-121]. However, the
treatment did not model any objects beyond the horn itself.
Relative to experiments with balloons, U2 airplanes, and
rockets, the literature is replete with complications from wa-
ter condensation. Despite this fact, water itself continues to
be ignored as the underlying source of the microwave back-
ground. It is in this light that the COBE project was launched.

1.4.3 The central question

In studying the microwave background, several important
conclusions have been reached as previously mentioned.
First, the background is almost perfectly isotropic: it has es-
sentially the same intensity, independent of observation an-
gle [1]. Second, the background is not affected by seasonal
variations on Earth [1]. Third, the signal is of thermal ori-
gin [8—17]. Finally, the background spectrum (see Figure 2)
is clean: it is free from earthly interference. Over a frequency
range spanning nearly 3 orders of magnitude (~1-660 GHz),
the microwave background can be measured without any con-
taminating effect from the Earth. The blackbody spectrum is
“perfect” [39]. But, as seen above, liquid water is a powerful
absorber of microwave radiation. Thus, it remains a complete
mystery as to why cosmology overlooked that the surface of
the Earth could not produce any interference in these mea-
surements. The only issue of concern for astrophysics is the
atmosphere [55,56] and its well-known absorption in the mi-
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crowave and infrared bands. The contention of this work is
that, if the Earth’s oceans cannot interfere with these mea-
surements, it is precisely because they are the primary source
of the signal.

2 COBE FIRAS

For this analysis, the discussion will be limited primarily to
the FIRAS instrument. Only a brief treatment of the DMR
will follow in section 3. The DIRBE instrument, since it is un-
related to the microwave background, will not be addressed.

2.1 General concerns

Beginning in the late 1980’s, it appeared that NASA would
utilize COBE as a much needed triumph for space explo-
ration [22,24]. This was understandable, given the recent
Challenger explosion [22,24]. Visibility and a sense of ur-
gency were cast upon the FIRAS team. COBE, now unable
to use a shuttle flight, was faced with a significant redesign
stage [22,24]. Mather outlined the magnitude of the task at
hand: “Every pound was crucial as the engineers struggled
to cut the spacecraft’s weight from 10,594 pounds to at most
5,025 pounds and its launch diameter from 15 feet to 8 feet”
[22, p. 195]. This urgency to launch was certain to have af-
fected prelaunch testing. Mather writes: “Getting COBE into
orbit was now Goddard’s No. 1 priority and one of NASA’s
top priorities in the absence of shuttle flights. In early 1987
NASA administrator Jim Fletcher visited Goddard and looked
over the COBE hardware, then issued a press release stating
that COBE was the centerpiece of the agency’s recovery” [22,
p. 194-195]. Many issues surfaced. These are important to
consider and have been highlighted in detail [22, chap. 14].

After the launch, polite open dissent soon arose with a se-
nior group member. The entire premise of the current paper
can be summarized in the discussions which ensued: “Dave
Wilkinson, the FIRAS team sceptic, argued effectively at nu-
merous meetings that he did not believe that Ned” (Wright)
“and Al” (Kogut) “had proven that every systematic error in
the data was negligible. Dave’s worry was that emissions
from the earth might be shinning over and around the space-
craft’s protective shield” [22, p. 234]. As will be seen below,
Wilkinson never suspected that the Earth could be emitting as
a ~3 K source. Nonetheless, he realized that the FIRAS horn
had not been adequately modeled or tested. Despite these
challenges, the FIRAS team minimized Wilkinson’s unease.
Not a single study examines the interaction of the COBE
shield with the FIRAS horn. The earthshine issue was never
explored and Wilkinson’s concerns remain unanswered by the
FIRAS team to this day.

2.2 Preflight testing

A review of the COBE FIRAS prelaunch data reveals that
the satellite was not adequately tested on the ground. These
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concerns were once brought to light by Professor Wilkinson,
as mentioned above. He writes: “Another concern was the
magnitude of 300 K Earth emission that diffracted over, or
leaked through, COBE’s ground screen. This had not been
measured in preflight tests, only estimated from crude (by to-
day’s standards) calculations” [74]. Unfortunately, Professor
Wilkinson does not give any detailed outline of the question
and, while there are signs of problems with the FIRAS data,
the astrophysical community itself has not published a thor-
ough analysis on this subject.

Professor Wilkinson focused on the Earth as a ~300 K
blackbody source, even if the established behavior of the
oceans in the microwave and far-infrared suggested that the
oceans were not radiating in this manner [62]. Wilkinson
never advanced that the Earth could be generating a signal
with an apparent temperature of ~3 K. This means that the
diffraction problems could potentially be much more impor-
tant than he ever suspected. Mather did outline Wilkinson’s
concerns in his book as mentioned above [22, p. 234], but did
not elaborate further on these issues.

Beyond the question of diffraction, extensive testing of
FIRAS, assembled in the flight dewar, did not occur. Mather
stated that each individual component of FIRAS underwent
rigorous evaluation [22, chap. 14], however testing was cur-
tailed for the fully-assembled instrument. For instance,
Hagopian described optical alignment and cryogenic perfor-
mance studies for FIRAS in the test dewar [29]. These stud-
ies were performed at room and liquid nitrogen temperatures
and did not achieve the cryogenic values, ~1.4 K, associ-
ated with FIRAS [29]. Furthermore, Hagopian explained:
“Due to schedule constraints, an abbreviated version of the
alignment and test plan developed for the FIRAS test unit
was adopted” [29]. Vibration testing was examined in or-
der to simulate, as much as possible, the potential stresses
experienced by FIRAS during launch and flight. The issue
centered on optical alignments: “The instrument high fre-
quency response is however, mainly a function of the wire
grid beam splitter and polarizer and the dihedrals of the
MTM. The instrument is sensitive to misalignments of these
components on the order of a few arc seconds” [29]. In
these studies, a blackbody source was used at liquid nitro-
gen temperatures to test FIRAS performance, but not with
its real bolometers in place. Instead, Golay cell IR detec-
tors were fed through light pipes mounted on the dewar out-
put ports. It was noted that: “Generally, the instrument be-
haved as expected with respect to performance degradation
and alignment change. .. These results indicate that the in-
strument was successfully flight qualified and should survive
cryogenic and launch induced perturbations” [29]. These ex-
periments did not involve FIRAS in its final configuration
within the flight dewar and did not achieve operational tem-
peratures.

A description of the preflight tests undergone by COBE
was also presented by L. J. Milam [26], Mosier [27], and Co-
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ladonato et al. [28]. These accounts demonstrate how little
testing COBE actually underwent prior to launch. Concern
rested on thermal performance and flight readiness. There
obviously were some RF tests performed on the ground. In
Mather [22, p. 216], it was reported that the calibration file for
Xcal had been obtained on Earth. This was the file utilized to
display the first spectrum of the microwave background with
FIRAS [22, p.216]. Nonetheless, no RF tests for sensitivity,
side lobe performance, or diffraction were discussed for the
FIRAS instrument. Given that Fixsen et al. [38] cite work
by Mather, Toral, and Hemmati [25] for the isolated horn,
as a basis for establishing side lobe performance, it is clear
that these tests were never conducted for the fully-assembled
instrument. Since such studies were difficult to perform in
the contaminating microwave environments typically found
on the ground, the FIRAS team simply chose to bypass this
aspect of preflight RF testing.

As a result, the scientific community believes that COBE
was held to the highest of scientific standards during ground
testing when, in fact, a careful analysis suggests that some
compromises occurred. However, given the scientific nature
of the project, the absence of available preflight RF testing
reports implies that little took place. Wilkinson’s previously
noted statement echoes this belief [74].

2.2.1 Bolometer performance

The FIRAS bolometers were well designed, as can be gath-
ered from the words of Serlemitsos [31]: “The FIRAS bolo-
meters were optimized to operate in two frequency ranges.
The slow bolometers cover the range from 1 to 20 Hz (with
a geometric average of 4.5 Hz), and the fast ones cover the
range from 20—100 Hz (average 45 Hz).” Serlemitsos contin-
ues: “The NEP’s for the FIRAS bolometers are ~4.5x10~13
W/HZ!'? at 4.5 Hz for the slow bolometers and ~1.2x101#
W/Hz]/2 at 45 Hz for the fast ones” [31], where NEP stands
for “noise equivalent power”. The FIRAS bolometers were
made from a silicon wafer “doped with antimony and com-
pensated with boron” [31]. Serlemitsos also outlined the key
element of construction: “IR absorption was accomplished by
coating the back side of the substrate with metallic film...”
made “of 20 A of chromium, 5 A of chromium-gold mixture,
and 30-35 A of gold” [31]. Such vaporized metal deposits, or
metal blacks, were well known to give good blackbody per-
formance in the far IR [75,76]. Thus, if problems existed with
FIRAS, it was unlikely that they could be easily attributed to
bolometer performance.

2.2.2 Grid polarizer performance

The FIRAS team also fully characterized the wire grid po-
larizer [30]. While the grids did “not meet the initial spec-
ification” their spectral performance did “satisfy the overall
system requirements” [30].
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2.2.3 Emissivity of Xcal and Ical

The FIRAS team essentially makes the assumption that the
two calibrators, Xcal and Ical, function as blackbodies over
the entire frequency band. Xcal and Ical are represented
schematically in Figure 3 [38,42]. Both were manufactured
from Eccosorb CR-110 (Emerson and Cuming Microwave
Products, Canton, MA, 1980 [77]), a material that does not
possess ideal attenuation characteristics. For instance, CR-
110 provides an attenuation of only 6 dB per centimeter of
material at 18 GHz [78]. In Hemati et al. [79], the thermal
properties of Eccosorb CR-110 are examined in detail over
the frequency range for FIRAS. The authors conduct trans-
mission and reflection measurements. They demonstrate that
Eccosorb CR-110 has a highly frequency dependent decrease
in the transmission profile, which varies by orders of mag-
nitude from ~30-3,000 GHz [79]. Hemati et al. [79] also
examine normal specular reflection, which demonstrate less
variation with frequency. Therefore, when absorption coef-
ficients are calculated using the transmission equation [79],
they will have frequency dependence. Consequently, Hemati
et al. [79] report that the absorption coefficients for Eccosorb
CR-110 vary by more than one order of magnitude over the
frequency range of FIRAS.

In addition, it is possible that even these computed ab-
sorption coeflicients are too high. This is because Hemati et
al. [79] do not consider diffuse reflection. They justify the
lack of these measurements by stating that: “For all sam-
ples the power response was highly specular; i.e., the re-
flected power was very sensitive with respect to sample ori-
entation” [79]. As a result, any absorption coefficient which
is derived from the transmission equation [79], is prone to be-
ing overestimated. It is unlikely that Eccosorb CR-110 allows
no diffuse reflection of incoming radiation. Thus, Eccosorb
CR-110, at these thicknesses, does not possess the absorption
characteristics of a blackbody. It is only through the construc-
tion of the “trumpet mute” shaped calibrator that blackbody
behavior is thought to be achieved [38].

When speaking of the calibrators, Fixsen et al. [39] state:
“The other input port receives emission from an internal ref-
erence calibrator (emissivity ~0.98)” and “During calibra-
tion, the sky aperture is completely filled by the external cal-
ibrator with an emissivity greater than 0.99997, calculated
and measured” [39]. Practical experience, in the construction
of laboratory blackbodies, reveals that it is extremely difficult
to obtain such emissivity values over a wide frequency range.
Measured emissivity values should be presented in frequency
dependent fashion, not as a single value for a broad frequency
range [80]. In the infrared, comparable performance is not
easily achievable, even with the best materials [15, 80]. The
situation is even more difficult in the far infrared and mi-
crowave.

The emissivity of the calibrators was measured, at 34
and 94 GHz, using reflection methods as described in de-
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Fig. 3: Schematic representation of Xcal and Ical reproduced from
[42]. Note that the calibrators are made from Eccosorb CR-110
which is backed with copper foil. Xcal, which contains three GRTs,
is attached to the satellite with a movable arm allowing the calibra-
tor to be inserted into, or removed from, the sky horn. The internal
calibrator, Ical, is equipped with two GRTs and provides a signal for
the reference horn. Reproduced by permission of the AAS.

tail [42]. However, these approaches are not appropriate for
devices like the calibrators. In examining Figure 3, it is evi-
dent that Xcal is cast from layers of Eccosorb CR-110, backed
with copper foil. For reflection methods to yield reliable re-
sults, they must address purely opaque surfaces. Eccosorb
CR-110 is not opaque at these thicknesses [79] and displays
significant transmission. The problem is worthy of further
discussion.

In treating blackbody radiation, it is understood, from the
principle of equivalence [8], that the emission of an object
must be equal to its absorption at thermal and radiative equi-
librium. Emission and absorption can be regarded as quan-
tum mechanical processes. Therefore, it is most appropriate
to state that, for a blackbody, or any body in radiative equi-
librium, the probability of absorption, F,, must be equal to
the probability of emission, P;, (P, = F.). But, given the
combination of the transmittance for Eccosorb CR-110, the
presence of a copper lining and the calibrator geometry, the
FIRAS team has created a scenario wherein P, # P,. This
is an interesting situation, which is permitted to exist be-
cause the copper backing on the calibrator provides a con-
ductive path, enabling Xcal to remain at thermal equilibrium
through non-radiative processes. Under these test conditions,
Xcal is in thermal equilibrium, but not in radiative equilib-
rium. It receives incoming photons from the test signal, but
can dissipate the heat, using conduction, through the cop-
per backing. Xcal does not need to use emission to balance
absorption.

If the FIRAS calibrators provide excellent reflection mea-
surements [42], it is because of their “trumpet mute” shape
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and the presence of a copper back lining. Radiation inci-
dent to the device, during reflectance measurements, which
is not initially absorbed, will continue to travel through the
Eccosorb and strike the back of the casing. Here it will un-
dergo normal specular reflection by the copper foil present
at this location. The radiation can then re-enter the Ec-
cosorb, where it has yet another chance of being absorbed.
As a result, P, can be effectively doubled as a consequence
of this first reflection. Because of the shape of the cali-
brators, along with the presence of normal specular reflec-
tion on the copper, the radiation is essentially being pushed
further into the calibrator where its chances of being ab-
sorbed are repeated. Consequently, P, continues to increase
with each reflection off the copper wall, or because pho-
tons are being geometrically forced to re-enter the adjacent
Eccosorb wall. The situation moves in the opposite direc-
tion for P, and this probability therefore drops under test
conditions.

Note that the copper foil has a low emissivity in this fre-
quency range. Therefore, it is reasonable to assume that it
cannot contribute much to the generation of photons. These
must be generated within the Eccosorb CR-110 layers. Now,
given the geometry of the “trumpet mute”, there exists no
means of increasing the probability of emission, P.. In-
deed, some of the photons emitted will actually travel in
the direction of the copper foil. This will lengthen their
effective path out of the Eccosorb, since they exit and im-
mediately re-enter, and increases the chance that they are
absorbed before ever leaving the surface of the calibrator.
Thus, P, experiences an effective decrease, because of the
presence of the copper foil. The net result is that P, # P,
and the FIRAS team has not properly measured the emis-
sivity of their calibrators using reflective methods [42]. In
fact, direct measures of emissivity for these devices would
demonstrate that they are not perfectly black across the fre-
quencies of interest. Nonetheless, the devices do appear
black in reflection measurements. But this is an illusion
which does not imply that the calibrators are truly black
when it comes to emission. Reflection measurements can-
not establish the blackness of such a device relative to emis-
sion if the surface observed is not opaque. Geometry does
matter in treating either emission or absorption under cer-
tain conditions. The problem is reminiscent of other log-
ical errors relative to treating Kirchhoff’s first proof for
universality [16].

The FIRAS group asserts that they have verified the
blackness of their calibrators with computational methods.
Yet, these methods essentially “inject photons” into cavities,
which otherwise might not be present [17]. Much like the
improper use of detectors and reflection methods (on non-
opaque surfaces), they can ensure that all cavities appear
black [17]. The FIRAS calibrators are not perfectly black, but
it is not clear what this implies relative to the measurements
of the microwave background.
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2.2.4 Leaks around Xcal

The acquisition of a blackbody spectrum from the sky is
based on the performance of Xcal. For instance, Fixsen and
Mather write: “If is sometimes stated that this is the most
perfect blackbody spectrum ever measured, but the measure-
ment is actually the difference between the sky and the cali-
brator” [43]. Mathematically, the process is as follows:

(Sky — Ical) — (Xcal — Ical) = (Sky — Xcal).

Thus, Ical and all instrumental factors should ideally be
negligible, contrary to what the FIRAS team experiences.
Furthermore, if the calibration file with Xcal perfectly
matches the sky, then a null result occurs. Since Xcal is
thought to be a perfect blackbody, the derived sky spectrum is
also ideal, as seen in Figure 2. It is extremely important that
the calibration file, generated when Xcal is within the horn,
does not contain any contamination from the sky. In the limit,
should the sky dominate the calibration, a perfect blackbody
shape will be recorded. This would occur because the sky is
effectively compared against itself, ensuring a null.

The FIRAS team reminds us that: “When the Xcal is in
the sky horn it does not quite touch it. There is a 0.6 mm
gap between the edge of the Xcal and the horn, so that the
Xcal and the sky horn can be at different temperatures. Al-
though the gap is near the flare of the horn and not in the
direct line of sight of the detectors, it would result in undesir-
able leakage at long wavelengths because of diffraction. To
ensure a good optical seal at all wavelengths, two ranks of
aluminized Kapton leaves attached to the Xcal make a flexi-
ble contact with the horn” [38] (see Figure 3). The claim that
the Kapton leaves make a flexible contact with the horn, at
operating temperatures, does not seem logical. The horn is
operating at cryogenic temperatures (~2.7 K) and, thus, the
Kapton leaves should not be considered flexible, but rather
rigid, perhaps brittle. This might cause a poor contact with the
horn during critical calibration events in space. The FIRAS
team continues: “An upper limit for leakage around the Xcal
was determined in ground tests with a warm cryostat dome by
comparing signals with the Xcal in and out of the horn. Leak-
age is less than 1.5<10~% in the range 5 < v < 20 cm™! and
6.0x10~7 in the range 25 < v < 50 cm™'” [38]. The issue of
leakage around Xcal is critical to the proper functioning of
FIRAS. Consequently, Mather et al. revisit the issue at length
in 1999 (see section 3.5.1 in [42]). The seal does indeed ap-
pear to be good [42], but it is not certain that these particular
ground tests are valid in space.

It is not clear if RF leak testing occurred while FIRAS
was equipped with its specialized bolometers. As seen in
section 2.2, in some preflight testing, Golay cell IR detectors
had been fed through light pipes mounted on the dewar output
ports. Such detectors would be unable to properly detect sig-
nals at the lowest frequencies. In fact, the FIRAS bolometers
were made from metal blacks [31,75,76] in order to specifi-
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cally provide sensitivity in the difficult low frequency range.
As a result, any leak testing performed with the Golay cell
IR detectors might be subject to error, since these may not
have been sensitive to signal, in the region most subject to
diffraction.

The FIRAS group also makes tests in flight and states:
“The Kapton levels sealing the gap between the sky horn and
Xcal were tested by gradually withdrawing the Xcal from the
horn. No effect could be seen in flight until it had moved
1.2 em” [38]. This issue is brought up, once again, by Mather
etal.: “A test was also done in flight by removing the calibra-
tor 12 steps, or 17 mm, from the horn. Only a few interfero-
grams were taken, but there was no sign of a change of signal
level” [42]. It is interesting that Fixsen et al. [38] claim that
no effect could be seen until the horn had moved 1.2 cm. This
implies that effects were seen at 1.2 cm. Conversely, Mather
et al. assert that no effects were seen up to 17 mm [42]. In any
case, identical results could have been obtained, even if the
seal was inadequate. Perhaps this is why Fixsen et al. write:
“During calibration, the sky acts as a backdrop to the external
calibrator, so residual transmission is still nearly 2.73 K ra-
diation” [39]. Clearly, if the seal was known to be good, there
should not be any concern about “residual transmission” from
the sky.

Fixsen et al. [39] rely on the sky backdrop providing a per-
fect blackbody spectrum behind Xcal. However, if the signal
was originating from the Earth, the sky signal could be dis-
torted as a function of frequency. This would bring error into
the measurements, should the sky signal leak into the horn.
From their comments, a tight seal by the Kapton leaves can-
not be taken for granted. While in-flight tests, slowly remov-
ing Xcal, indicate that the spectrum changes as the calibrator
was lifted out of the horn, they may not exclude that leakage
exists when it is inside the horn.

It is also interesting that Mather describes significant
problems with Xcal prior to launch, as follows: “Now with-
out gravity to help hold it in place, the calibrator popped out
of the horn every time the test engineers inserted it by means
of the same electronic commands they would use once COBE
was in orbit. Nothing the engineers tried would keep it in
place” [22, p. 202]. In the end, the problem was caused by the
flexible cable to the Xcal [22]. The cable was replaced with
three thin ribbons of Kapton [22, p. 202-204]. COBE under-
went one more cryogenic test, with the liquid helium dewar
at 2.8 K, lasting a total of 24 days ending in June 1989 [26].
Milan’s report does not provide the results of any RF test-
ing [26], but everything must have worked. The satellite was
prepared for shipment to the launch site [22, p. 202-204].

In 2002, Mather reminds us of the vibration problems
with COBE: “There were annoying vibrations at 57 and
~ 8 HZ” [43]. On the ground, the Xcal could “pop out” of
the horn if the satellite was turned on its side [22, p.202].
Only gravity was holding Xcal in place. Still, in orbit, COBE
experiences very little gravity. As such, the effects of the vi-
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brations in knocking Xcal out of the horn, or in breaking the
contact between the Kapton leaves and the horn, are not the
same in space. A small vibration, in space, could produce
a significant force against Xcal, pushing it out of the horn.
Thus, all leak testing on the ground has little relevance to the
situation in orbit, since both gravity and vibrations affect the
Xcal position in a manner which cannot be simulated in the
laboratory. The FIRAS team simply cannot be assured that
Xcal did not allow leakage from the sky into the horn during
calibration.

2.2.4.1 Conclusive proof for Xcal performance

When FIRAS first begins to transfer data to the Earth, a cali-
bration file using Xcal had not been collected in space [22,
p-216]. Nonetheless, a calibration file existed which had
been measured on the ground. Mather provides a wonder-
ful account of recording the first blackbody spectrum from
the microwave background [22, p.216]. The text is so pow-
erfully convincing that it would be easy to dismiss the search
for any problems with FIRAS. Using the ground-based cali-
bration file, the FIRAS team generates an “absolutely perfect
blackbody curve” [22, p.216]. However, considering all of
the errors present in orbit, it is not clear how the calibration
file gathered on Earth differed, if at all, from the one obtained
in space. If the FIRAS team had wanted to bring forth the
most concrete evidence that the situation in space, relative to
Xcal, was identical to that acquired on the ground, then they
could have easily displayed the difference spectrum between
these two files. Ideally, no differences should be seen. But, if
differences were observed, then either temperature variations,
or leakage, must be assumed. In fact, the difference between
the two files could have provided a clue as to the nature of the
leakage into the FIRAS horn. Mather et al. feel compelled
to verify the performance of Xcal on the ground 10 years af-
ter launch [42]. This suggests that the calibration files taken
prior to launch did not agree with those acquired in flight.

2.2.5 Design of the FIRAS horn

In examining the FIRAS horn (see Figure 1), it is apparent
that this component does not conform to accepted practices
in the field of antenna design [81-83]. This device is unique,
meant to operate over a phenomenal range from ~30 to 3,000
GHz [32-45]. Since broadband horns generally span no more
than 1 or 2 decades in frequency [84, 85], it is doubtful that a
comparable antenna can be found in the electromagnetics lit-
erature. Even the most modern broadband horns tend to cover
very limited frequency ranges and, typically, at the expense
of variable gains across the band [84, 85]. Unfortunately,
insufficient ground tests were conducted, to demonstrate the
expected performance from 30-3,000 GHz. It is highly un-
likely that FIRAS was ever able to perform as intended. The
FIRAS team provides no test measurements to the contrary.
These would have included gain and side lobe performances
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spanning the frequency spectrum. Moreover, as will be seen
below (see section 2.4.3.1), FIRAS is operating less than op-
timally over all wavelengths. The idea of using an interfer-
ometer for these studies was elegant [32—45]. But, broadband
horns with demonstrated performances, over such a range of
frequencies, simply do not exist [§1-85]. It is interesting in
this light, that the WMAP [19] and PLANCK [86] missions
have both reverted to the use of narrow band devices to sam-
ple the microwave background. As for FIRAS, it functions
primarily from ~30-600 GHz. However, even in this region,
the instrument must deal with horn/shield interactions and the
effects of diffraction. These effects were never appropriately
considered by the FIRAS team.

The testing of the COBE FIRAS antenna pattern was in-
adequate. Proper tests were never performed to document the
interaction of the FIRAS horn with the Sun/Earth/RFI shield.
Furthermore, the team conducted no computational model-
ing of the horn-shield interaction as a function of frequency.
This type of documentation would have been central in estab-
lishing the reliability of the FIRAS findings. Without it, the
FIRAS team did not eliminate the possibility that the Earth
itself is producing the microwave background. The RF shield
on COBE could accomplish little more than prevent terres-
trial/solar photons, in the visible or near-infrared range, from
directly illuminating the dewar which contains FIRAS. The
central issue for the Sun/Earth shield appears to be the con-
servation of helium in the dewar, not the elimination of RF
interference [87]. The shield is not corrugated [81, p.657—
659] and has no special edges to prevent diffraction in the far
infrared. Given that the FIRAS horn is broadband, it is ex-
tremely difficult, if not impossible, to build a good RF shield
for such a device. The FIRAS team has not established that
an adequate shield was constructed to prevent RF interference
from the Earth. The Sun/Earth shield simply prevents direct
heating of the dewar, by visible or near infrared light [87].
They comment: “a large external conical shield protects the
cryostat and instruments from direct radiation from the Sun
and the Earth. The Sun never illuminates the instruments or
cryostat, but the COBE orbit inclination combined with the
inclination of the Earth’s equator to the ecliptic do allow the
Earth limb to rise a few degrees above the plane of the instru-
ment and sunshade apertures during about one-sixth of the
orbit for one-fourth of the year. During this period, the sky
horn could not be cooled to 2.7 K because of the Earth limb
heating” [42]. Nowhere, in the COBE literature, is the RF
performance of the “sunshade” analyzed.

2.3 FIRAS in flight

2.3.1 Side lobe performance

Fixsen et al. [38] argue that the FIRAS horn “provides a 7°
field of view with low side lobes”. They base this statement

on work by Mather, Toral, and Hemmati [25]. In this paper,
Mather et al. present measured and theoretical evaluations of
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Fig. 4: Plot of the side lobe response for the FIRAS horn, without the
presence of the COBE ground shield as reproduced from [25]. The
sky lobe response, in preflight testing, was evaluated at three wave-
lengths, namely 118, 10, and 0.5 um. Note that only the first mea-
surement at 118 pm (~2,540 GHz) is within the frequency range of
the instrument (30-3000 GHz). The latter two occur in the optical
band. The side lobe performance is best at the longer wavelength,
in opposition to the expected theoretical result. The FIRAS team
also measures the FIRAS horn at 31.4 and 90 GHZ [25], with ex-
cellent performance (data is not reproduced herein). However, once
again, these results were obtained without the interfering effects of
the ground shield. Reproduced with permission of the Optical So-
ciety of America from: Mather J.C., Toral M., Hemmati H. Heat
trap with flare as multimode antenna. Appl. Optics, 1986, v.25(16),
2826-2830 [25].

side lobe data at 31.4 and 90 GHz [25]. As expected, the side
lobes are lower at the higher frequency. The measurements
conform to expected performance, at least at these frequen-
cies. But, these tests were conducted without the RF shield
and consequently have limited relevance to the actual situa-
tion in flight.

A careful examination of Figure 4 [25] is troubling. In
this figure, Mather et al. [25] characterize the antenna pattern
of the isolated FIRAS horn, without the COBE RF shield, at
infrared and optical wavelengths (118, 10, and 0.5 pm). It
is not evident why the authors present this data, as only the
first wavelength, 118 pm (~2,540 GHz), is within the usable
bandwidth of the instrument. Nonetheless, in Figure 4, the
antenna has the strongest side lobes at the highest frequen-
cies. For instance, at a wavelength of 0.5 um, the antenna
shows a relative response that is decreased by only 20 dB at
10° [25], as shown in Figure 4. At 118 pm, the antenna re-
sponse is decreased by nearly 50 db. The authors are demon-
strating that the FIRAS horn has better side lobe behavior at
longer wavelengths rather than at short wavelengths. This is
opposed to the expected performance. Mathematical mod-
eling may well be impossible at these elevated frequencies.
Once again, the shield was never considered.
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Fig. 5: Plot of the side lobe response obtained for the FIRAS shield
on the ground, at 3 cm™! (solid line), and in orbit, using the Moon
as a source of signal, at 50 cm ™' (dashed line). This figure is repro-
duced from [38]. A detailed discussion is provided in section 2.3.1.
Reproduced by permission of the AAS.

Neglecting to characterize the horn-shield interaction on
the ground, the FIRAS team attempts to do so in flight. In
Fixsen et al. [38], they publish Figure 5. They attempt to de-
termine the antenna pattern in space by monitoring the Moon
as a function of angle. Using this approach at 50 cm ™!, they
conclude that the satellite provides a maximum side lobe re-
sponse of “less —38 dB beyond 15° from the center of the
beam” [38]. Such a performance is reasonable, at least at this
frequency. However, the FIRAS team then compares side
lobe performance at 50 cm™?! (~1,500 GHz) with data ob-
tained on the ground at 3 cm™! (~90 GHz). In referring to
this figure in their paper, the FIRAS team writes: “Prelimi-
nary results are shown in Figure 4, along with preflight mea-
surements at 1 and 1.77 cm=1” [38]. Yet the figure legend
itself states the following: “Antenna pattern for the FIRAS
horn as measured on the ground before launch at 3 cm™!
(solid line) and as measured from in flight Moon data at ~50
em™! (dashed line)” [38]. Beyond the inconsistency between
the text and the figure legend, there are at least five concerns
relative to this figure.

First, the data on the ground appears to have measured the
FIRAS horn exclusively, not the horn with the RF shield. Sec-
ond, they are comparing data at frequencies which differ by
more than one order of magnitude. Third, they display none
of the critical in-flight data for the lowest frequencies, namely
those frequencies where one would expect the strongest ef-
fects from diffraction. Fourth, they fail to present ground data
at 50 cm™—!. Finally, the data from Fixsen et al. [38] is also
puzzling. It reveals much stronger side lobes at 50 cm~? than
one would have predicted at this frequency (~1,500 GHz).
Note, in Figure 5, that the Moon data displays a plateau at ap-
proximately —45 dB in the range from 20-50°. This is higher
than would be expected, based on the excellent side lobe re-
sponse, even at a much lower 90 GHz, reported for the free
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horn on the ground [25]. This plateau may simply be caused
by a lack of sensitivity for the Moon at these angles. It is im-
possible to determine whether the plateau achieved in detec-
tion is a result of this effect. The FIRAS Explanatory Supple-
ment suggests that the Moon can contaminate the microwave
background at all frequencies [40, p.61]. The FIRAS team
does not adequately confront the issue and does not publish a
work focused on side lobe behavior. Comparing ground data
at ~30 GHz, or even ~90 GHz, with in-flight data at 1,500
GHz, has no value relative to addressing the side lobe issue.

It is also true that a loss of “Moon signal”, as a function of
angle, could account for the appearance of good side lobe per-
formance. The possibility that the Moon could be reflecting
terrestrial, or even solar, signals back into the FIRAS horn,
through normal specular reflection, is not discussed. This
process would be angle dependent and might create the il-
lusion of reasonable side lobe behavior. The FIRAS team
provides no supportive evidence from the literature that the
Moon behaves as a lambertian emitter at 50 cm~*. The Moon
does have phases, which result in differential heating across
its surface. Should the Moon not act as a lambertian emitter,
the side lobe performance was not properly evaluated. This
would be true, unless the satellite was rapidly turned away
from the Moon while maintaining a single orbital position.
But, this is unlikely to have been the case, since COBE did
not have a propulsion system [22, p. 195]. Thus, the satellite
was simply permitted to continue in its orbit, and the angle
to the Moon thereby increased. Such a protocol might not
accurately assay side lobe behavior. This is because it would
depend on the absence of specular reflection from the Earth
and the Sun, while requiring that the Moon is lambertian. In
the end, experiments in space cannot replace systematic test-
ing on the ground in establishing side lobe behavior.

Perhaps more troubling is that the frequencies of inter-
est, relative to the microwave background, extend from less
than 1 cm~! to ~22 cm~?! (<30 to ~660 GHz). For exam-
ple, the initial Penzias and Wilson measurements were made
near 4 GHz [1]. Consequently, the FIRAS team is showing
side lobe performance for a region outside the frequencies of
interest. In fact, 1,500 GHz is the region wherein galactic
dust would be sampled, not the microwave background [23].
The side lobe performance at this frequency is not relevant to
the problem at hand. Furthermore, if there are problems with
diffraction, they are being manifested by a distortion of sig-
nal, primarily in the lower frequency ranges. Hence, it would
be critical for the FIRAS team to display in-flight data, or
ground data including the shield, in order to fully document
side lobe performance in this region. The data, unfortunately,
is not provided.

Should access be available to the exact dimensions of the
FIRAS horn and the COBE shield, it would, in principle, be
possible for an independent group to verify the performance
of the satellite relative to this instrument. It is true that the
problem of modeling the FIRAS horn/shield interaction is ex-
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tremely complex, even at 30 GHz. Nonetheless, given cur-
rent computational methods, using the Geometric Theory of
Diffraction, it is difficult to reconcile that the true directional
sensitivity of the FIRAS horn was not modeled at any fre-
quency. These studies would depend on obtaining the exact
configuration, for the FIRAS horn/shield, and then treating
the problem using computational methods. The issue cannot
be treated analytically. Furthermore, this is a difficult task.
It is achievable perhaps, only at the lowest frequencies of
operation.

In 2002, Fixsen and Mather give a summary of the FIRAS
results [43], wherein they also describe how a new instrument
might be constructed. In order to address the lack of side lobe
characterization, they advance that: “we would surround the
entire optical system with segmented blackbody radiators to
measure the side lobe responses and ensure that the source of
every photon is understood” [43]. With COBE, the source of
every photon was not understood. The side lobes were never
measured in the presence of the shield. The idea of surround-
ing the optical system with blackbody calibrators is less than
optimal. It would be best to simply analyze the horn/shield
performance with preflight testing.

2.3.2 Establishing temperatures

The FIRAS team presents a dozen values for the microwave
background temperature, using varying methods, as shown in
Table 1. This occurs over a span of 13 years. Each time,
there is a striking recalculation of error bars. In the end, the
final error on the microwave background temperature drops
by nearly two orders of magnitude from 60 mK to 0.65 mK.
Yet, as will be seen below, in sections 2.3.3 and 2.3.4, FIRAS
was unable to yield proper nulls, either with the sky and Ical,
or with Xcal and Ical. Despite the subsequent existence of
systematic errors, the FIRAS team minimizes error bars.

The problems with correctly establishing temperatures for
Xcal and Ical were central to the mission, as these investiga-
tors recognized: “There were two important problems. One
was that the thermometers on both the Ical and Xcal did not
at all agree. In fact, the disagreement among different Xcal
thermometers was 3 mK at 2.7 K [38]. They continue: “The
disagreement between the Ical thermometers was 18 mK at
2.7 K. The heat sinking of the Ical thermometer leads was in-
adequate, and some of the applied heat flowed through part
of the Ical” [38].

They try to overcome the reality that the temperature
monitors on the external calibrator report a systematic error.
The temperature errors on Xcal are fitted with an “arbitrary
offset in the Xcal thermometer and the result was —7.4%0.2
mK for this offset” [38]. The FIRAS team realizes that this
was “considerably larger than the ~1 mK expected from the
preflight calibration of the thermometers” [38]. They at-
tribute the problem either to having improperly calibrated the
thermometers before flight, or due to an unknown systematic
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Reference Temperature | Error (mK)* | Frequency (cm™?)
Mather et al., ApJ, 1990, v. 354, L37-40 [32] 2.7358 +60 1-20%#
Mather et al., ApJ, 1994, v. 420, 439—444 [35] 2.7268 +10 2-20%#
Fixsen et al., ApJ, 1996, v. 473, 576-587 [39] 2.7308 +1 2211
Fixsen et al., ApJ, 1996, v. 473, 576-587 [39] 272559 +0.09 2-211
Fixsen et al., ApJ, 1996, v. 473, 576587 [39] 2717% +7 2211
Fixsen et al., ApJ, 1996, v. 473, 576587 [39] 2.728** +4 2211
Mather et al., ApJ, 1999, v.512, 511-520 [42] 2.7258 +5 2-20%
Mather et al., ApJ, 1999, v. 512, 511-520 [42] 2725517 +0.085 2211
Mather et al., ApJ, 1999, v.512, 511-520 [42] 2.722¥ +12 2-20%
Mather et al., ApJ, 1999, v.512, 511-520 [42] 2.725** +2 2-20%
Fixsen & Mather, ApJ, 2002, v. 581, 817-822 [43] 2.725 +0.65 2-20*
Fixsen & Mather, ApJ, 2002, v. 581, 817-822 [43] 2.725 +1 2-20*

*95% confidence intervals.

§ Measurement using FIRAS microwave background lineshape. Calibration sensitive to the thermometers

of the external calibrator, Xcal.

9 Measurement using FIRAS microwave background frequency. Calibration relies on CO and C+ lines at

7.69, 11.53,15.38, and 16.42 cm ! [39].

¥ Measurement using a fit of the dipole spectrum to the 1st derivative of a Planckian function describing
the microwave background with Temp: set to 2.728 K.
** Composite value obtained from analysis of three previous entries.

# Frequency range used is formally stated.

T Frequency range used is not formally stated but appears to be 2-21 cm™?.
¥ Frequency range used is not formally stated but appears to be 2-20 cm™?.

1
1

Table 1: Summary of microwave background temperatures obtained by the COBE FIRAS instrument.

error. They therefore assign a —4 mK offset to Xcal and raise
to 5 mK its 1o error. Though this might seem negligible, the
FIRAS team is sufficiently concerned about Xcal that they
attempt to recalibrate it on the ground, using a duplicate ex-
periment, nearly ten years after launch [42]. For the present
discussion, an error of at least 5 mK can be attributed to Xcal.

The FIRAS Explanatory Supplement outlines an en-
hanced picture relative to Ical performance [40, p.42]. An
optical temperature drift is modeled as follows:

T=T+A €xXp (t/TIcal) + Toftset

where T’ is the “raw” Ical temperature, A=4.26 mK,
Totiset = —3.054 mK, and 7y, =104.3 days [40, p.42].
Given that FIRAS was operational for ~259 days [40, p. 28],
the drift model accounts for a 48 mK error in Ical by the time
the instrument is decommissioned. Yet, in 1999, Mather et
al. [42] offer a different view [40, p.42]. While treating Ical,
they write: “An additional drift of ~3 mK was noted in the
early part of the mission” [42]. Thus, it is likely that the equa-
tion in the supplement is simply missing a negative sign in the
exponent. As a result, the ~3 mK drift, discussed by Mather
et al., can be attributed to Ical [42] along with errors of 18 mK
for temperature differences between thermometers. In addi-
tion, as demonstrated in Figure 6, the emissivity modeled for
Ical can exceed the theoretical upper limit of 1 over much of
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the FIRAS frequency range. This illustrates that the calibra-
tion model adopted by the FIRAS team contains significant
shortcomings.

2.3.3 Achieving a sky null

As represented in Figure 1, FIRAS functions as a differen-
tial spectrometer, wherein the sky or the external reference,
Xcal, are being constantly compared to an internal reference
blackbody, Ical. When the system is functioning properly and
all temperatures are equal, then a perfect null should be mea-
sured in the interferogram. This should take place whether
1) the sky is being compared to Ical set at the temperature of
the sky, or 2) the external reference calibrator, Xcal, is being
compared to Ical set at the same temperature.

Once COBE finally reaches orbit, the first finding is that
FIRAS is unable to achieve a null when the internal reference
Ical is set to the sky temperature. This is demonstrated in Fig-
ure 7 [32]. Years later, the FIRAS team discuss the situation:
“If both the sky and the Ical were blackbodies, and the inter-
ferometer were perfectly symmetrical, one could in principle
null the signal from the former simply by adjusting the tem-
perature of the latter. The temperature of the CMBR could
then be read from the reference body thermometers. Unfortu-
nately, neither of those conditions prevails” [38]. The FIRAS
team continues: “Our Ical and instrument asymmetry com-
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Fig. 6: Calculated emissivity for Ical as a result of calibration re-
produced from the FIRAS Explanatory Supplement [40]. Note that
emissivity exceeds 1, the theoretical maximum, at many frequencies.
Reprinted with permission of John Mather.

bine to produce a net reflectance of ~4%, and Galactic emis-
sion from gas and dust contributes to the observed signal. To
measure these effects, we must calibrate the instrument” [38].
Note that since the sky temperature would end up being as-
signed as 2.725+0.001 K [43], the upper trace in Figure 7
indicates that the null point appears with Ical at nearly 34 mK
above the sky temperature (2.759-2.725 K = 34 mK). Conse-
quently, COBE is faced with a 34 mK systematic error based
on this fact. It is not clear how much of this error can be
attributed to Galactic emissions. These should be primarily
sensed at frequencies beyond 20 cm™! [23], the cutoff of the
low frequency channel [38]. As such, it is doubtful that galac-
tic contributions can fully account for the lack of a proper null
in these channels. By the end of the mission, Ical is spending
most of its time near the null, at ~2.758 K and toggling to a
temperature 12 mK higher, ~2.770 K [40, p. 28]. The FIRAS
team writes: “In addition, the temperature of Ical was tog-
gled between a “sky null” setting to a setting 12 mK hotter,
every 3—4 days, to allow instrumental gain errors to be dis-
tinguished” [40, p. 19]. The latter is 45 mK above the tem-
perature reported for the microwave background.

Unable to attain the expected null, the FIRAS team begins
to target instrumental problems and calibration [38]. They do
not envision that a null could not be achieved, because the
sky was not acting as anticipated. Consider, for instance, that
the Earth is producing the microwave background and that its
diffracted signal is coming over the shield of the satellite. In
this case, one can assume that the Earth was producing a sig-
nal with a nearly perfect Planckian [10] shape. But, at lower
frequencies, the microwave background will experience more
diffraction at the shield. Hence, FIRAS will be most sensi-
tive to low frequency signals. As frequencies are increased,
progressively less diffraction will occur at the shield and the
FIRAS horn will become more forward directional. In so do-
ing, it will be less sensitive to signals arising from beneath the
shield. Thus, FIRAS may not sense a true Planckian curve,
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Fig. 7: Interferograms obtained in flight with the FIRAS instrument,
as reproduced from [32]. The upper trace demonstrates the null con-
dition between the sky (final reported temperature = 2.725+0.001 K
[43]) and Ical set at 2.759 K. This trace is not plotted with the same
vertical scaling factor as the one displayed in the central portion of
the figure. Such a plot creates the illusion that a better result was
achieved than actually obtained. The middle trace displays the inter-
ferogram recorded when Ical was set at 2.771 K. This indicates the
magnitude of signal “off the null”. The bottom interferogram was
measured when comparing the two calibrators set at nearly the same
temperature (Xcal = 2.759; Ical = 2.750). A null should have been
obtained under these conditions, but did not occur. Once again, the
vertical scale does not correspond to that used for the central trace.
A correction of a factor of 3-5 should be applied to place the up-
per and lower interferograms on scale with the central one. This
was not mentioned in the original text [32], but points to deviations
from the theoretically expected results. Reproduced by permission
of the AAS.

but a distorted spectrum displaying too much signal at the
lower frequencies, and not enough signal at the higher fre-
quencies. There may be less than the expected signal insten-
sity along with constructive/destructive interference effects.
The situation is illustrated schematically in an exaggerated
fashion in Figure 8. This scenario would make it impossible
to reach a null. The issue is not simply a question of tem-
perature, but of lineshape. If two signals, arising from the
sky and Ical, do not have the same lineshape, they can never
be nulled. A proper null is never displayed. The underly-
ing cause cannot be ascertained, given the nature of preflight
testing, instrumental drift, and incoming signal.

In re-examining Figure 7 [32], note that the trace deter-
mining the null point is not a good null. The top trace in
this figure is not plotted on the same scale as the bottom two
traces, as can be deduced by examining the noise power. It
needs to be multiplied by a factor of 3-5 to match the noise
seen in the central trace. This gives the illusion that a better
null is achieved than is actually obtained in practice. The sec-
ond trace has much more noise. In fact, an analysis of noise
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Fig. 8: Schematic representation of an ideal blackbody at 2.725 K
(solid line). The dashed line is an exaggerated representation of the
distortions that might occur if an earthly signal was diffracting over
the FIRAS ground shield. Since diffraction might be expected to
have the greatest effects at the lowest frequencies, the points in this
region would be elevated. Conversely, as frequencies are increased,
less diffraction should occur off the ground shield. The FIRAS horn
should become more forward directional at elevated frequencies. As
a result, a decreased signal might be sensed in this region. It is dif-
ficult to deduce the exact appearance of the effects from diffraction.
For instance, there could actually be signs of constructive and de-
structive interference on the acquired spectrum. The nature of the
spectrum acquired by FIRAS would also depend on the extent that
the sky signal was diffracting into the FIRAS horn during calibration
with Xcal, due to leakage. In the limit of severe leakage, FIRAS
would report a perfect blackbody spectrum from the sky, even with
diffraction occurring at the ground shield. Further details are pro-
vided in the text.

power from these traces establishes that the FIRAS team is
not maintaining a constant vertical amplification. This should
not have escaped the eye of the reviewers. Correct scaling
factors should have been provided in the figure legend.

In any case, the null is not clean. The FIRAS team, for
instance, shows a second interferogram in Fixsen et al. [38],
reproduced herein as Figure 9. In the figure legend, they state
that the peak at 355 can be nulled within detector noise levels.
However, they fail to demonstrate the corresponding interfer-
ogram. It is certain that the point at 355 can be nulled. But,
it is essential that all the points in the spectrum are simul-
taneously nulled. The FIRAS team has never been able to
present such an interferogram. Moreover, if a proper null ex-
ists, they should not display data “just off the null”. These
interferograms are not useful as measures of instrument per-
formance. The issue is not simply one of temperature match.
For, if two blackbodies are brought to the same temperature,
then ideally, the null must be perfect. Lineshape differences,
generated by diffraction on the shield, could account for the
discrepancies noted.

Unable to reach a perfect null with the sky and dismissing
lineshape effects, the FIRAS team is left to implicate instru-
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Fig. 9: FIRAS interferogram acquired between the sky and Ical, as
reproduced from [38]. The signal is being generated just slightly “off
the null”. Apparently, the point at 355 can be perfectly nulled [38],
but it is doubtful that such a result can be obtained while maintaining
the null condition over all other points. The FIRAS team does not
present a perfect null. A spectrum acquired “just off the null” yields
little scientific information. Reproduced by permission of the AAS.

ment design [38]. This is because they believe that a perfectly
Planckian background must be found in the sky in front of
FIRAS. The idea that an ideal blackbody spectrum, produced
by the Earth, could have been distorted by diffraction over the
shield, is not entertained. As a result, they cite that the Ical
provides a 4% reflectance, to partially account for the lack of
a proper null [38].

2.3.4 Achieving a null when Ty, = Txcal

In analyzing the bottom trace in Figure 7, it is evident that
a null cannot be achieved, when Xcal is set at nearly the
same temperature as Ical (Xcal = 2.750 K, Ical = 2.759 K).
Unfortunately, the FIRAS team does not publish a sufficient
number of interferograms to enable the complete dissection
of this question. On the surface, failure to locate a null, when
T1cal = Txca1, would support the idea that the problem was in-
strumental. After all, a second failure to establish a solid null
is being reported. The FIRAS team might have been able to
supply proof of this contention, using a combination of inter-
ferograms with Xcal and Ical at differing temperatures. As it
is, no proof exists that Ical was the sole problem with FIRAS.
Again, failure to attain a null, when Tjca; = Txcar, could also
be supported by technical issues with leakage around Xcal.
It is vital to understand the exact temperatures for Xcal
and Ical, when a null spectrum is achieved by the two cali-
brators. However, such data is not presented by the FIRAS
team. Furthermore, it is not certain that they were ever able
to obtain a null. In order to properly address this issue, the
critical data is found in the null spectrum between Xcal and
Ical on the ground. It is not known if the null imbalance was
documented for FIRAS using preflight tests. The data have
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not been published, but are critical to understanding the in-
ability to reach a null between the sky and Ical, as discussed
in section 2.3.3. Without it, the FIRAS team cannot defend
the hypothesis that galactic contributions, for instance, were
responsible for this shortcoming. It is obvious that the galaxy
may not be invoked for the lack of a null between the two
reference blackbodies. Therefore, for a proper evaluation of
these questions, ground data, obtained between Xcal and Ical,
should be provided.

2.4 Data processing

Initially, the FIRAS team publishes a spectrum from 1-21
cm~?! [32]. That spectrum was said to deviate from the inten-
sity of a blackbody by less than 1%. Then, in 1994, Mather
et al. [35] advance a new set of data, wherein the intensity
deviates from a blackbody by less than 0.03%. The error bar
in setting the absolute temperature, using Xcal, drops pre-
cipitously from 60 mK to 10 mK (see Table 1). Fixsen et
al. [39], in 1996, then report that the “rms deviations are less
than 50 parts per million of the peak of the cosmic microwave
background radiation”. In 1999, Mather et al. apparently
again increase the rms deviation and assert that the devia-
tion of the CMB from the theoretical blackbody is less than
0.01% [42]. Finally, in 2002, Fixsen and Mather [43] advance
that “the measured deviation from this spectrum are 50 parts
per million (PPM, rms) of the peak brightness of the CMBR
spectrum, within the uncertainty of the measurement”. Using
technology established in the 1970’s, the FIRAS team report-
ed a spectral precision well beyond that commonly achievable
today in the best radiometry laboratories of the world.

Figure 2 [39] is famous for the observation that the un-
certainties are a small fraction of the line thickness. This fig-
ure is unusually drawn, as the frequency axis is offset. This
makes it less apparent that data is not being shown below
2 cm~!. The final result was obtained with the calibration
procedures outlined by Fixsen et al. [38]. In the end, the
FIRAS team transfers the error from the spectrum of inter-
est into the calibration file, as will be discussed in detail be-
low. Using this approach, it would be possible, in principle,
to attain no deviations whatsoever from the perfect theoretical
blackbody. Given enough degrees of freedom and computing
power, errors begin to lose physical meaning. The calibration
file became a repository for everything that did not work with
FIRAS. The only problem was that it was now impossible to
dissect what the FIRAS microwave background spectrum re-
ally looked like. Along these lines, the most serious concern
was the omission of data, as discussed in section 2.4.3.

2.4.1 FIRAS calibration

In order to provide data for in-flight calibration, the FIRAS
team controls the temperature of four key sources of emis-
sion, 1) the internal calibrator, 2) the external calibrator,
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3) the sky horn, and 4) the reference horn. The emissivity
of each of these devices could be modified on demand in the
temperature range from 2-25 K [38]. Other parts of the in-
strument are approximated as Planckian functions [10], pre-
sumably because they are isothermal [38]. Cheng describes
the calibration process: “Calibration is accomplished by re-
moving all known instrument effects from the raw spectra.
This requires a model of the instrument, with all known im-
perfections, and sufficient calibration data to establish the
model parameters. The measured instrument state for the sky
data can then be used to predict the instrument characteris-
tics based on the model which is then used to calibrate the
sky data. .. The emissivity of various internal components in
the instrument are determined by varying their temperatures
while observing a constant input signal (e.g. from the external
calibrator). These components include the sky horn, refer-
ence horn, internal reference load, dihedral mirrors, collima-
tor, and the detector itself. The temperature of the first three
components can be varied by command so that determining
their emissivity is straightforward. The emissivity of the other
components are determined by temperature variations during
several cryostat temperature transients which occurred early
on in the mission” [34].

A critical aspect of the calibration procedure is that the ex-
ternal calibrator, Xcal, is treated as providing a perfect black-
body signal to the rest of the instrument. This approximation
may not be justified, given the discussion in section 2.2.3.
There are also complications, if the seal between the horn
and the calibrator is not perfect, due to vibration, as addressed
in section 2.2.4. The idea of approximating the thermal be-
havior of the dihedral mirrors, collimator, and detectors with
Planck functions, as Fixsen describes [38], does not rest on
solid grounds. Each material should ideally have been mea-
sured in the laboratory, as real materials do not behave as
blackbody sources [80]. For instance, the FIRAS team de-
scribes harmonic responses in the instrument when radiation
passes through the system more than once. This proves that
the interior components of the instrument cannot be modeled
as perfect blackbodies. They do provide reflective surfaces.
It is noted that ~20% of the input signal fails to reach the
output [38]. This is a large number, which represents fre-
quency dependent losses. However, no frequency dependence
is mentioned, presumably because the loss for each interfer-
ogram cannot be dissected in these terms. Both second and
third order harmonics were thought to be significant at the
0.1% level [38]. They also report that the frequency scale
for FIRAS does not quite agree with that determined using
known spectral lines. In order to correct the situation, they
make a 0.5% adjustment with “the remainder being absorbed
by a 4 mK adjustment in the absolute temperature scale” [38].

The discussion relative to the bolometers highlights how
modeling can misrepresent the actual behavior of a device.
The FIRAS team writes: “The fotal of nine parameters with
their uncertainties and covariance matrix were determined
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from these tests. The agreement with the determination of the
parameters from the FIRAS in-orbit calibration is poor, with
normalized x*’s of 80 to 800 in various fits for 9 DOF (de-
grees of freedom). This is probably due to a deficit in the
bolometer model” [38]. In the final analysis, the in-flight cal-
ibration procedure is viewed as correct, and the disagreement
with pre-flight data appears to be disregarded. This demon-
strates how the COBE calibration procedures have become
essentially detached from any experimental findings recorded
on the ground before flight.

The calibration process brings many more degrees of free-
dom for setting error bars and temperatures. Mather et al.
thus write: “However, the calibration process corrects other
effects of the error to the first order...” [42]. Calibration in-
volves: “comparison of the sky with an ideal movable exter-
nal blackbody calibrator (Xcal) that can fill the aperture of
the sky horn. The rest of the calibration process is used to
measure gains and offsets that apply if the calibrator spec-
trum does not match the sky spectrum” [43]. As a result,
the FIRAS team can achieve a perfect fit to the sky spec-
trum. They have sufficient degrees of freedom to accomplish
the task by invoking the calibration procedure. The inver-
sion matrix required for the calibration fits is “of such large
rank (~4,000)” that it “is not generally tractable” [38]. The
FIRAS team was “able to invert this matrix by taking ad-
vantage of its special form... This made inversion possible,
though still not speedy” [38].

Relative to error analysis, very large degrees of freedom
(DOF) were invoked. The FIRAS team writes: “The nor-
malized x* resulting from this fit is 2.8218 (27873 DOF) for
the left low detector, short slow stroke data (2.27 <v < 21.54
em™1), and 4.53 for (159353 DOF) for the right high de-
tector, short slow stroke data (2.27 < v < 96.28 cm’l)” [38].
Moreover, it can be deduced that the values are rather high
for x%/DOF, particularly when operating away from the null
position. Cheng [34] reports higher than expected x?/DOF
values, of 4 to 10, for the low and high frequency channels
when discussing the calibration data. Apparently [34], it is
only when considering calibration files near the null condi-
tion that x2/DOF values near 1 are reached [39]. Of course,
it is easier to fit data near the null, for the precise reason that
the spectrum contains little power in this range. It is solely
by examining the performance of the calibration model away
from the null, that any real insight can be harnessed relative
to the reliability of this method. However, such data appears
to give even higher x2/DOF values than obtained near the
null [34]. This is not a good sign, relative to the validity of
this approach. The inability to find good x?/DOF values off
the null might be reflecting leakage around Xcal, for instance.
This could become more apparent when Xcal and Ical are at
very different temperatures.

Fixsen et al. [39] do describe excellent x2/DOF perfor-
mance in their Figure 1 (not reproduced herein). An analy-
sis of Table 1 in [39] reveals that x2/DOF are generally on
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Fig. 10: Plot of various error terms for the FIRAS high frequency
channel for a typical sky point, as reproduced from [38]. Separate
fits are obtained for each point in the sky. This allows for far too
many degrees of freedom in the FIRAS calibration stage. Curve D
represents the error arising from detector sensitivity. Note the reso-
nances at ~7, 16, and 20 cm~?!. These may correspond to CO lines
in the galaxy. Such resonances should not be found on functions
representing detector sensitivity. They are not found in the detec-
tor functions at low frequency [38]. The dashed line, which is not
labeled in the original work, represents the calculated errors from
the galaxy as can be established using Figure 13. Note that there is
little error contribution from the galaxy, below 20 cm™!. As such,
the FIRAS team cannot attribute the failure to achieve a proper null
to the presence of contaminating galactic signal in this frequency
region. The dotted line, PEP, accounts for error associated with var-
ious temperatures within the instrument. Once again, a resonance
line is observed at ~7 cm™!. Such a resonance line should not be
found on this function. It would, however, permit the FIRAS team to
vary the error in this region when trying to correct for contributions
from galactic CO. PTP accounts for errors in the absolute tempera-
ture scale. PUP error depends on the absolute temperature state of
the instrument and is most sensitive to Ical. PUP and PTP are given
a blackbody appearance without proper justification by the FIRAS
team (see text for additional details). Reproduced by permission of
the AAS.

the order of 2 or more. Nonetheless, it is noticeable that the
x2/DOF, listed in this work (see Table 1 in [39]), have im-
proved substantially over those found 2 years earlier (see Ta-
ble 2 in [38]). It is not clear if this represents anything but bet-
ter insight into how x?/DOF values could be minimized. In
the end, there is too much flexibility in these approaches. This
places at risk all physically meaningful experimental findings,
reflecting systematic errors.

A treatment by Fixsen et al. [38] of the error terms for
FIRAS reveals that the FIRAS team considered nearly every
possible source of instrumental contribution, while discount-
ing the possibility that errors existed in the shape of the black-
body provided by the sky itself. Such a systematic error could
exist if diffraction effects were important.

Figure 10 is a reproduction of Figure 9b in [38]. For
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the low frequency channel (figure not displayed), the ma-
jor term is referred to as PTP. It represents the uncertainty
in the absolute temperature scale. The peak brightness of a
2.7 K blackbody is approximately 120 pergs cm =2 s~ % sr—?
cm [38]. As a result, this error term absorbs about 0.5% of
the deviation from the peak of a blackbody. The most impor-
tant error term for the high frequency channel, D, accounts
for detector noise. The PUP error is linked to the temper-
ature state of the instrument and is primarily dependent on
Ical. The PEP error depends on the temperatures of various
emitters in the instrument. “These are: Ical 2.76+0.006 K,
MTM 2.0+0.4 K, horns 2.75+0.005 K, mirrors 1.561+0.02 K,
and bolometers 1.52+0.017 K” [38]. The FIRAS team writes
that the PEP and PUP error terms are well approximated by
Planckian functions. This claim, however, is without foun-
dation. In fact, there are no references provided for assign-
ing a Planckian shape [10] to either PTP or PUP. Assigning
such shapes to these two terms will help determine the ap-
pearance of the other terms. The entire procedure is with-
out scientific basis [80]. It is particularly concerning that the
FIRAS team generates such error functions for each point in
the sky. Instrument error should not be dependent on the
scan direction. At the same time, it is true that the instru-
ment experiences temperature fluctuations over time: “Fur-
ther tests of the calibration are obtained by searching the
calibrated map of the sky for features relating to changes of
the instrument state. The largest such changes occurred dur-
ing the time from 1990 May to August. In this time period,
it was impossible to keep both the Earth and the Sun below
the Sun screen, and the Earth illuminated the top of the in-
strument during part of the orbit. The data taken with the
Earth above the instrument were rejected in the maps, but
the thermal transient produced by the heat of the Earth was
large and long. As a result, we raised the set point of the
horn temperature controllers to as high as 6 K to achieve sta-
bility” [38]. Direct visualization of the Earth did impact the
COBE results, but the data were rejected. Yet, if the Earth
was truly silent over the frequency of interest, there could
be no reason to reject this data. Heating by the Earth could
simply be accounted for in a manner similar to that used
for other parts of the orbit. The FIRAS team believes that
the heat transient in the instrument, as a consequence of di-
rect infrared heating, was the only effect. However, it would
have been most interesting to examine the resulting sky in-
terferograms. Perhaps these actually contained direct phys-
ical proof that the Earth had emitted the microwave back-
ground.

In any case, note the nature of the error term, D, for the
high frequency channels. Essentially, there are resonance
lines at ~7, ~16, and ~20 cm~!. These features seem to
correspond to the presence of the CO lines in the galaxy [39].
Such lines should not be found within detector noise error. In
addition, curve D for the high frequency channels approaches
10 pergscm ™2 s~ 1 sr~! cm, at 95 cm~?. This is an extremely
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Fig. 11: Calculated residual errors in the microwave background, as
reproduced from [35]. These residuals were generated, using a con-
servative approach, by increasing the statistical errors, forcing x>
to 32 [35]. Nonetheless, note the systematic increase in the residu-
als beyond 15 cm™ 1. There is a slight trend towards signal loss in
this region as well. In addition, the points below 5 cm™*, slowly be-
gin to rise away from the reported temperature, and represent signs
of excessive signal in this region of the spectrum. The residuals are
presented once again in 2001 [44]. At this time, systematic varia-
tions have been absorbed by the calibration files and the residuals
are now random and of insignificant importance. Reproduced by
permission of the AAS.

powerful contribution from this term, given that the maximal
power of the microwave background itself is on the order of

120 wergs cm =2 s~ 1 sr—! cm.

2.4.2 Analysis of residual errors

When Mather et al. [35] publish the 1994 FIRAS data re-
lease, several unexpected findings are revealed. Figure 1 of
this work [35], a presentation of the CMBR residuals, is re-
produced as Figure 11. There are two interesting aspects of
this figure. First, there is a pronounced increase in the er-
ror bars associated with the residuals, as the frequencies are
raised beyond 15 cm~?!. This increase in variability is sys-
tematic, and consequently may represent a real finding. In
fact, there is a slight trend towards decreased temperatures
as a function of frequency beyond 15 cm™!. Second, at the
lower frequencies, the data points begin to rise. The FIRAS
team comments as follows: “pending further detailed study
of possible instrument faults at these low frequencies, we can-
not speculate on their nature. We emphasize that the size of
the apparent deviations is greatest at those frequencies where
diffractive effects, interferogram baseline curvature, and very
low spectral resolving power and wide spectral sidebands
cause the greatest difficulties in calibration” [35]. The au-
thors therefore “conservatively increase the statistical errors
by a factor; forcing x? to exactly 32, the number of degrees of
freedom in the fit” [35]. Nonetheless, they eventually publish
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new residuals [44], which have now lost the systematic vari-
ations displayed in Figure 11. This shows the power of the
fitting methods applied.

The FIRAS team believes that they fully understand all
systematic errors and that their fits are justified. However,
this is not the case. The fact that an excellent fit can be found,
given sufficient degrees of freedom, is well recognized in sci-
ence. The question remains how well justified were the bases
for the fits. Adequate justification is based on a complete un-
derstanding of the instrument on the ground with calibrated
test procedures. This approach was not utilized. Instead,
fits are obtained by adjusting gains, offsets, and functions,
which have a weak foundation, other than their ability to re-
sult in minimal residual errors for the sky. Furthermore, the
FIRAS team has not shown that it can minimize residuals,
using their final calibrations across all ranges of temperatures
for Xcal, Ical, the sky horn, and the reference horn. Without
explicit demonstration that the final calibrations apply to all
possible interferograms, the analysis of residuals for the sky
alone have little value. It is a complement of all residuals, for
all conditions, which is important to visualize, for this alone
might help establish the reliability of the approach in the ab-
sence of sufficient pre-flight testing.

2.4.3 Data omission

The FIRAS data set from 1994 contains a more serious con-
cern: all of the observations at frequencies below 2 cm™! are
now excluded [35]. Moreover, there is a rise in the residuals
below 4 cm~! which cannot be accounted for by their error
bars. This region is usually the easiest to monitor due to the
low frequency range. Never again is the data below 2 cm™!
re-included in the FIRAS data set. It is only through read-
ing the accompanying calibration work by Fixsen et al. [38],
that one might postulate on the causes behind the loss of this
data. A single sentence is presented when discussing the ref-
erence horn: “However, the measured emission is higher than
predicted, particularly at the lowest frequencies” [38].

Though FIRAS was designed to cover the region from
1-2 cm~1, the FIRAS team omits the data below 2 cm—?! and
ignores the excessive signal. They do not discuss the cause of
this anomaly, unless Wilkinson’s concerns about earthshine
were a reaction to this problem [74]. At the same time, given
the use of calibration files to correct FIRAS, it may have been
that the FIRAS team could not envision a means to account
for the spectral behavior below 2 cm™!. On the surface, ig-
noring this data might not appear so serious. After all, the
entire spectrum beyond 2 cm™! was reported.

Given that diffraction of a terrestrial signal would produce
distortions in the measurement of the microwave background,
which include excessive signal at low frequencies and de-
creased signal as frequencies increase, the dismissal of this
data cannot be taken lightly. The FIRAS team also forsakes
all data acquired when the Earth was directly illuminating
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FIRAS [38], as previously discussed in section 2.4.1. While
infrared heating of the instrument did occur at this time, it
is not evident that such heating could not be modeled. This
is the type of evidence that may have pointed to an earthly
source for the microwave background.

2.4.4 Error bars

Despite the presence of systematic errors, the FIRAS team is
able to essentially sidestep the recordings of their thermome-
ters and overcome their inaccuracy. E. S. Cheng summarizes
the overall approach of the group: “Since the FIRAS is a far
more sensitive thermometer that the GRT’s (germanium resis-
tance thermometers), especially at temperatures above 3 K,
the thermometer readings can be adjusted, using the calibra-
tion data, to provide maximal internal consistency and a re-
fined temperature calibration” [34]. As such, the readings of
the physical thermometers could be given less weight.

Initially, it is not evident if they are aware that er-
rors in the thermometers limit the ultimate temperature that
can be reported for the microwave background. In 1996,
Fixsen et al. arrive at a microwave background temperature of
2.73040.001 K (see Table 1), which relies on Xcal (see page
581, section 4.1, in [39]). Then, three years later, in 1999,
the FIRAS team writes: “A 5 mK error in the temperature
determination of Xcal leads directly to a 5 mK error in the
temperature determination of the CMBR” [42]. The team ap-
parently realized that it was impossible for Fixsen et al. [39]
to claim a 1 mK error bar for this measurement in 1996. But,
they continue to discount the 18 mK error between the Ical
thermometers [38].

In order to fully restrict the error bars on the determina-
tion of the microwave background, the COBE group therefore
moves to adopt two additional methods which, at least on the
surface, are independent of Xcal. In the first instance, they de-
termine the temperature by calibrating the frequencies of the
background, using lines from CO and C+ [39]. Few details
are provided relative to this approach; however, it may rely
on accurately defining a Wien maximum and extracting the
temperature from Wien’s law [11]. The method is solid, on
the surface at least. Nonetheless, it will depend on correctly
setting the peak in the microwave background data, which
may in turn depend on Ical and/or Xcal. The ability to detect
a proper Wien maximum [11] would also be sensitive to in-
terference effects caused by diffraction on the COBE shield,
should the signal originate from the Earth. As a result, it is
not clear that the frequency method holds any less systematic
error than that directly relying on Xcal.

Alternatively, the group also uses the existence of a dipole
to extract a monopole temperature [39]. In this way, they
can build on the findings of the DMR relative to the dipole
value [46-49]. Once again, the method may appear more ac-
curate, but is also subject to many of the same problems as
that based on Xcal. If the use of frequency calibration, or of
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the dipole, seems less prone to systematic error, it may sim-
ply be because these have escaped detection by the FIRAS
team. It is well established, not only in physics, but across
the sciences, that systematic errors can be extremely difficult,
even impossible, to detect [88]. Consequently, one must not
dismiss those systematic errors which are evident.

Using a combination of these three methods, the FIRAS
team finally arrives at a microwave background temperature
of 2.7254+.00065 K [43]. Beyond undetected systematic er-
rors, this number circumvents much of the planning built into
Xcal and Ical. It also neglects the excessive signal detected
below 2 cm 1. Relative to error bars, the result obtained, us-
ing an average of many methods, was analogous to ignoring
the existence of known temperature error in the reference cal-
ibrators Xcal and Ical. The existence of imperfect nulls was
also dismissed, as were all interferograms obtained while the
Earth was directly illuminating FIRAS.

In the absence of proper pre-flight testing, it is impossible
to account, with certainty, for all possible source of system-
atic errors associated with inability to find a null. Data pro-
cessing methods do not address the fundamental issue. The
FIRAS team believes that it has fully understood all system-
atic errors and that they can be removed from the final error
report. But, systematic errors are best treated through the
proper design and testing of scientific instruments on the
ground. This was not achieved. The calibration procedure
creates the illusion that all systematic error can be taken into
account, after completion of data acquisition. This is not a
prudent approach to systematic error, especially since they
can be nearly impossible to identify [88, p. 93-95]. It is best
to report all known systematic errors within the final error bar.

In failing to achieve a clear null, FIRAS is pointing to
something on the order of a 34 mK error. The overall error in
Xcal was ~5 mK. The error difference between the Ical ther-
mometers is 18 mK and the drift for Ical is 3 mK. A frequency
correction of ~4 mK exists. Some of these errors may be
related and could be added quadratically [88, p. 93-95]. Di-
rect addition provides a worse case scenario of ~64 mK [88,
p- 93-95]. As such, using direct addition, ~64 mK appears to
be a good lower limit on the accuracy of the FIRAS data set,
from 2-20 cm™~?. This treatment would discount attempts to
lower the error bar to 1 mK in the final FIRAS report [43]. In
fact, ~64 mK is not far from the 60 mK error initially used
by the FIRAS team [32]. At the same time, the group asserts
that their data is “indistinguishable from a blackbody” [37].
A cursory examination would suggest that this was the case
(see Figure 2). An understanding of calibration process has
provided the explanation.

2.4.5 The optical transfer function

The FIRAS team first presents the optical transfer function
in the Explanatory Supplement, in 1997 [40]. This function
is critical in processing FIRAS data files [40, p. 50] and it is
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Fig. 12: Illustration of the Optical Transfer Function for FIRAS,
as reproduced from the Explanatory Supplement [40]. The features
near 20 cm ™" are due to the position of the filter cutoff. Nonetheless,
this does act to provide a substantial correction for signal beyond
the Wien maximum and between 15 and 20 cm . Note the oscil-
lation present below this frequency range. It is not clear why such
features should be present on this optical transfer function. These
might represent the effect of constructive and destructive interfer-
ence. It is impossible to truly ascertain their cause with the data
provided. Most importantly, the optical transfer function is decreas-
ing exponentially. This is not characteristic of a properly functioning
spectrophotometer. This figure reveals that the FIRAS instrument is
suboptimal, beyond ~30 cm~*. Reprinted with permission of John
Mather.

reproduced herein as Figure 12. For an ideal spectrometer,
the optical transfer function would be unity over the entire
frequency range. That is, for every photon which enters the
system, one photon is recorded by the detector. This situation
does not occur in practice, and transfer functions will deviate
from ideality. But, the transfer function for FIRAS is much
less than ideal. At the lowest frequencies (<20 cm™1), the
transfer function contains a very strange and unexplained os-
cillation. The FIRAS team does not comment on the cause of
this feature. Nonetheless, since the reciprocal of the transfer
function is used to process data, this oscillation is significant.
Although difficult to ascertain, this feature might be a sign of
signal diffraction into the horn. In any event, the discontinu-
ity near 20 cm™! is due to the filter cutoff between the low
and high frequency channels.

The most noteworthy feature of the optical transfer func-
tion for FIRAS is that only 1 photon in 10 is being detected,
at best. In addition, the plot is on a logarithmic scale. Such
behavior is highly unusual and demonstrates that the FIRAS
instrument is not linear. It is also not sensitive at the higher
frequencies. As a result, when the optical transfer function is
applied to process data beyond 30 cm™!, it results in a pro-
nounced amplification of spectral noise. This is revealed in
Figure 13 [41], where noise in the fits is amplified beyond
40 cm~1. This constitutes a solid illustration that the FIRAS
instrument, for practical purposes, is subfunctional in this fre-
quency range.
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Fig. 13: Fit spectra calculated across the high frequency region using
the FIRAS instrument, as reproduced from [41]. Note the tremen-
dous increase in random errors beyond 30 cm L. This indicates that
the spectrometer is suboptimal, in this frequency range. Reproduced
by permission of the AAS.

24.6 Comments made by other authors

Several Italian authors [89-91] have been interested in the
calibration of the FIRAS instrument as Fixsen and Mather
highlight [42]. Giorgi, for instance, suggests that there could
be an asymmetry of as much as 5% in the two input arms
of FIRAS [89]. Fixsen and Mather point out that the mea-
sured asymmetry is only 1-3% [42]. In defending FIRAS
data, Fixsen and Mather write: “However, one must also con-
sider the source of any reflection. The Xcal is part of a closed
cavity composed of the calibrator, the sky horn, a small gap
between the calibrator and the sky, and a small aperture lead-
ing to the spectrometer horn. Consequently, the radiation
reflected by the calibrator must have originated either from
itself, the sky horn, the sky through the gap, or the small
aperture to the spectrometer. Three of these sources are ef-
fectively at the temperature of the CMB. As the most emis-
sive of the four, the source of most of the reflected radiation
is the calibrator itself... Moreover, since both the horn and
the Xcal temperatures were set to match the CMB tempera-
ture, the only source of radiation that could be reflected by

38

the calibrator and that was not at the CMB temperature is
the small aperture leading to the spectrometer” [42]. Such a
statement cannot be justified. It is not clear that the sky is at
the temperature of the CMB. Should the signal originate from
the Earth, it would undergo differential diffraction as a func-
tion of frequency, as it travels over the RF shield and into the
horn. This would lead to a spectrum which is not blackbody,
and the measured sky spectrum would not be at the exact tem-
perature of the microwave background. It would be distorted.
Fixsen and Mather cannot assume that the sky is a blackbody
at the temperature of the CMB. That is what they are trying
to determine.

Work by Battistelli et al. [90] is centered on a computa-
tional analysis of Xcal, in order to further refine cosmolog-
ical parameters. The text does not constitute a criticism of
FIRAS. The emissivity values obtained for Xcal, are nearly
ideal. Salvaterra and Burigana [91] examine a range of issues
in detail, but the text does not raise any real concerns relative
to FIRAS.

3 The Differential Microwave Radiometers (DMR)

The COBE satellite is also equipped with Differential Mi-
crowave Radiometers, the DMR. These constitute three pairs
of narrow band antennae operating at 31.5, 53, and 90 GHz
[46]. The DMR are mounted directly on the sides of the he-
lium dewar containing the FIRAS and DIRBE instruments
[45]. A detailed treatment of the DMR will not be presented,
as many of the issues relative to the DMR have already been
addressed relative to the WMAP satellite [20]. It is clear
that the DMR has measured a dipole. This result is highly
significant.

Of all the concerns which the DMR shares with WMAP,
the central issue remains the processing of data and the ex-
traction of the multipoles [20]. These are the “wrinkles on
the fabric of time” [21]. Before the multipoles can be an-
alyzed, the signal from both the dipole and galactic fore-
ground must be removed. Importantly, as Smoot discusses
in his popular book [21], these investigators also remove the
quadrupole signal from the underlying maps. It is only at this
stage that the multipoles become visible. Smoot writes: “We
were confident that the quadrupole was a real cosmic sig-
nal... By late January and early February, the results were
beginning to gel, but they still did not quite make sense. I tried
all kinds of different approaches, plotting data in every for-
mat I could think of, including upside down and backwards,
just to try a new perspective and hoping for a breakthrough.
Then I thought, why not throw out the quadrupole — the thing
I'd been searching for all those years — and see if nature
had put anything else there!” [21, 276-277]. After removing
the quadrupole, the multipoles finally appeared. Smoot then
comments [21, 279]: “Why, I puzzled, did I have to remove
the quadrupole to see the wrinkles?”

The answer to this question is one of data processing.
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The raw maps do not contain any systematic signal varia-
tions on their own [21, 276-279]. The signals were random
in nature. However, when Smoot and his colleagues imposed
a systematic removal of signal, they produced a systematic
remnant. In essence, the act of removing the quadrupole cre-
ated the multipoles and the associated systematic anisotropy.
Once the quadrupole was removed, the multipoles appeared
as extremely consistent variations on the maps. As previously
mentioned, these findings have no relevance to cosmology
and are purely an artifact of signal processing. Citing from
previous work [20]: “Apparent anisotropy must not be gen-
erated by processing”. The sky does have anisotropy. But
this anisotropy is likely to remain random, as Smoot initially
observed in his data set, before removal of the quadrupole.

4 Conclusion

Through this analysis, unexpected problems with FIRAS and
the DMR data have been brought to light. With regard to
FIRAS, many issues exist. They include: 1) lack of gain and
side lobe characterization for the FIRAS horn, 2) absence
of diffraction modeling involving the interaction between
FIRAS and the shield, 3) rudimentary pre-flight testing,
4) failure to document side lobe performance, in space, at
frequencies relevant to the microwave background, 5) inap-
propriate evaluation of Xcal emissivities, 6) inability to en-
sure that leakage did not occur around Xcal in flight, given
the vibrations present, the lack of gravity, and the nature of
the Kapton leaves, 7) existence of a suboptimal transfer func-
tion for the instrument, 8) the presence of systematic errors,
for the Xcal and Ical thermometers, 9) inability to achieve a
proper null between the sky and Ical, 10) inability to reach
a proper null between Xcal and Ical, 11) excessive degrees
of freedom during the calibration process, 12) lack of justifi-
cation for the error functions PTP and PUP, 13) inappropri-
ate minimization of error bars, 14) omission of data below 2
cm~! from all final data releases, and 15) omission of data
when the Earth was directly illuminating FIRAS.

Given the systematic errors on Xcal, Ical, the frequency
drift, and the null temperature, it is reasonable to ascertain
that the FIRAS microwave background temperature has a sig-
nificant error bar. As such, an error on the order of 64 mK
represents a best case scenario, especially in light of the dis-
missal/lack of data at low frequency. The report of a mi-
crowave temperature of 2.725+0.001 K [43] does not accu-
rately reflect the extent of the problems with the FIRAS in-
strument. Furthermore, the absolute temperature of the mi-
crowave background will end up being higher than 2.725 K,
when measured without the effect of diffraction, and when
data below 2 cm™? is included. Contrary to popular belief,
the FIRAS instrument did not record the most perfect black-
body spectrum in the history of science.

Relative to the DMR, the problems mirror, to a large
extent, those I voiced earlier with WMAP [20]. The most
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pressing questions are centered on the ability to remove the
quadrupole from the maps of the sky. In so doing, it is clear
that a systematic residual will be created, which can easily
be confounded for true multipoles. In the end, the meth-
ods to process the anisotropy maps are likely to be “creating
anisotropy”” where none previously existed.

It also remains fascinating that the astrophysical commu-
nity has not expressed greater anxiety relative to the difficul-
ties produced by water, in the lower atmosphere. This is per-
haps the most serious area of concern. It is certainly true that
the Earth is bathed in a field with an apparent temperature
near 3 K. The existence of the dipole is also firmly estab-
lished. Cosmology holds that the monopole signal [1] rep-
resents a remnant of creation. Conversely, I maintain, along
with my colleagues [5, 7], that it is being produced by the
oceans of the Earth. Through this work, it is my hope that
others will begin to see that there are legitimate issues with
the FIRAS and DMR results on COBE. The thermal emis-
sion of water, in the microwave and far infrared, remains in-
completely characterized. Our planet has never been elimi-
nated as the source of the microwave background. In the end,
the PLANCK satellite [86] should reveal that the Penzias and
Wilson monopole [1] was never present in the depth of the
Cosmos. The signal belongs to the Earth.
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