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ABSTRACT

We report the results of an effort to measure the low-frequency portion of the spectrum of the cosmic microwave
background (CMB) radiation, using a balloon-borne instrument called the Absolute Radiometer for Cosmology,
Astrophysics, and Diffuse Emission (ARCADE). These measurements are to search for deviations from a thermal
spectrum that are expected to exist in the CMB as a result of various processes in the early universe. The
radiometric temperature was measured at 10 and 30 GHz using a cryogenic open-aperture instrument with no
emissive windows. An external blackbody calibrator provides an in situ reference. Systematic errors were greatly
reduced by using differential radiometers and cooling all critical components to physical temperatures approxi-
mating the antenna temperature of the sky. A linear model is used to compare the radiometer output to a set of
thermometers on the instrument. The unmodeled residuals are less than 50 mK peak to peak with a weighted rms
of 6 mK. Small corrections are made for the residual emission from the flight train, atmosphere, and foreground
Galactic emission. The measured radiometric temperature of the CMB is 2:721 � 0:010 K at 10 GHz and
2:694 � 0:032 K at 30 GHz.

Subject headinggs: cosmic microwave background — cosmology: observations

1. INTRODUCTION

Since the discovery of the cosmic microwave back-
ground (CMB), a key question has been, how does it de-
viate from a perfect uniform blackbody spectrum? The Far
Infrared Absolute Spectrophotometer (FIRAS) instrument
(Fixsen & Mather 2002; Brodd et al. 19975) has shown
that the spectrum is nearly an ideal blackbody spectrum
from �60 to �600 GHz with temperature 2:725 � 0:001 K.
At lower frequencies the spectrum is not so tightly con-
strained; plausible physical processes (e.g., reionization,
particle decay) could generate detectable distortions below
10 GHz while remaining undetectable by the FIRAS instru-
ment. The Absolute Radiometer for Cosmology, Astro-
physics, and Diffuse Emission (ARCADE) experiment
observes the CMB spectrum at frequencies a decade below
FIRAS to search for potential distortions from a blackbody
spectrum.

The frequency spectrum of the CMB carries a history of
energy transfer between the evolving matter and radiation
fields in the early universe. Energetic events in the early uni-
verse (e.g., particle decay, star formation) heat the diffuse
matter, which then cools via interactions with the background
radiation, distorting the radiation spectrum away from a
blackbody. The amplitude and shape of the resulting distortion
depend on the magnitude and redshift of the energy transfer
(Burigana et al. 1991, 1995).

The primary cooling mechanism is Compton scattering of
hot electrons against a colder background of CMB photons,
characterized by the dimensionless integral

y ¼
Z z

0

k Te(z)� T�(z)
� �

mec2
�Tne(z)c

dt

dz0
dz0 ð1Þ

of the electron pressure nekTe along the line of sight, where
me, ne , and Te are the electron mass, spatial density, and
temperature, respectively, T� is the photon temperature, k is
Boltzmann’s constant, z is redshift, and �T denotes the
Thomson cross section (Sunyaev & Zel’dovich 1970). For
recent energy releases z < 104, the gas is optically thin,
resulting in a uniform decrement �TRJ ¼ T�(1� 2y) in the
Rayleigh-Jeans part of the spectrum, where there are too few
photons, and an exponential rise in temperature in the Wien
region, with too many photons. The magnitude of the distortion
is related to the total energy transfer

�E

E
¼ e4y � 1 � 4y: ð2Þ

Energy transfer at higher redshift 104 < z < 107 approaches
the equilibrium Bose-Einstein distribution, characterized by
the dimensionless chemical potential �0 ¼ 1:4(�E=E ). Free-
free emission thermalizes the spectrum at long wavelengths.
Including this effect, the chemical potential becomes fre-
quency dependent,

�(x) ¼ �0 exp � 2xb

x

� �
; ð3Þ

where xb is the transition frequency at which Compton scat-
tering of photons to higher frequencies is balanced by free-
free creation of new photons. The resulting spectrum has a
sharp drop in brightness temperature at centimeter wave-
lengths (Burigana et al. 1991). A chemical potential distortion
would arise, for instance, from the late decay of heavy par-
ticles produced at much higher redshifts.
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Free-free emission can also be an important cooling
mechanism. The distortion to the present-day CMB spectrum
is given by

�TA ¼ T�
YA

x2
; ð4Þ

where x is the dimensionless frequency h�/kT� , Yff is the op-
tical depth to free-free emission

YA ¼
Z z

0

k Te(z)� T�(z)
� �

Te(z)

8�e6h2n2eg
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p

dt

dz0
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and g is the Gaunt factor (Bartlett & Stebbins 1991). The
distorted CMB spectrum is characterized by a quadratic rise in
temperature at long wavelengths. Such a distortion is an
expected signal of the reionization of the intergalactic medium
by the first collapsed structures.

Figure 1 shows current upper limits to CMB spectral dis-
tortions. Measurements at wavelengths shorter than 1 cm are
consistent with a blackbody spectrum, limiting y < 14 ; 10�6

and � < 9 ; 10�5 at 95% confidence (Fixsen et al. 1996; Gush
et al. 1990). Direct observational limits at longer wavelengths
are weak. Reionization is expected to produce a cosmological
free-free background with amplitude of a few mK at frequency
3 GHz (Haiman & Loeb 1997; Oh 1999). The most precise
observations (Table 1) have uncertainties much larger than the
predicted signal from reionization. Existing data only constrain
jYAj < 1:9 ; 10�5, corresponding to temperature distortions
�T < 19 mK at 3 GHz (Bersanelli et al. 1994).

Uncertainties in previous measurements have been domi-
nated by systematic uncertainties in the correction for emis-
sion from the atmosphere, Galactic foregrounds, or warm parts
of the instrument. ARCADE represents a long-term effort to
improve measurements at centimeter wavelengths using a
cryogenic balloon-borne instrument designed to minimize
these systematic errors. This paper presents the first results
from the ARCADE program.

2. THE INSTRUMENT

ARCADE is a balloon-borne instrument with two radiom-
eters at 10 and 30 GHz mounted in a liquid helium Dewar.
Each radiometer consists of cryogenic and room temperature
components. A corrugated horn antenna, a Dicke switch con-
sisting of a waveguide ferrite latching switch, an internal ref-
erence load constructed from a waveguide termination, and a
GaAs HEMT amplifier comprise the cryogenic components.
The signal then passes to a 270 K section consisting of addi-
tional amplification and separation into two subbands followed
by diode detectors, making four channels in all (Kogut et al.
2004a). Helium pumps and heaters allow thermal control of the
cryogenic components, which are kept at 2–8 K during the
critical observations.

There is an external calibrator that can be positioned to fully
cover the aperture of either the 10 or 30 GHz horn (Kogut et al.
2004b). The horn is corrugated to limit the field near the wall,
and the external target covers the full aperture of the horn. The
gap between the two is only 15% of a wavelength at 10 GHz.
The radiation leaking through this gap was measured to be
�10�5. Most of this radiation leaks in from the sky as the gap
at the aperture plane is surrounded by the cold reflective flares
but is open to the sky. The induced signal on the radiometer is
at most 0.1 mK.

Residual reflections from the calibrator are effectively
trapped within the horn /calibrator system. Within this system
the calibrator absorbs almost all of the radiation because the
horn emissivity is low. The effect of reflection from the horn /
calibrator system is proportional to the difference in temper-
ature between the calibrator and the antenna throat, both of
which remain near 2.7 K throughout the observations.

To minimize instrumental systematic effects, the horns are
cooled to approximately the temperature of the CMB (2.7 K).
The horns have a 16� FWHM beam and are pointed 30� from
the zenith to minimize acceptance of balloon and flight train
emission. A helium-cooled flare reduces contamination from
ground emission. No windows are used. Air is kept from the
instrument by the efflux of helium gas.

The Dicke switch chops between the reference and the horn
antenna at 100 Hz. Following the HEMT amplifier, outside the
Dewar, each radiometer has a warm amplifier followed by

Fig. 1.—Current 95% confidence upper limits to distorted CMB spectra.
Measurements at short wavelengths (Fixsen et al. 1996) do not preclude
detectable signals at wavelengths longer than 1 cm.

TABLE 1

Previous Low-Frequency CMB Measurements and Their Uncertainties from the Literature

Temperature

(K)

Uncertainty

(mK)

Frequency

(GHz) Source

2.783...................... 25 25 Johnson & Wilkinson (1987)

2.730...................... 14 10.7 Staggs et al. (1996a)

2.64........................ 60 7.5 Levin et al. (1992)

2.55........................ 140 2 Bersanelli et al. (1994)

2.26........................ 200 1.47 Bersanelli et al. (1995)

2.66........................ 320 1.4 Staggs et al. (1996b)

3.45........................ 780 1.28 Raghunathan & Subrahmnayan (2000)
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narrow and wide filters terminated by two detectors. The
detectors are followed by lockin amplifiers running synchro-
nously with the Dicke switch. The bandwidths of the 10 GHz
narrow and wide and the 30 GHz narrow and wide radiom-
eters are 0.1, 1.1, 1.0, and 2.9 GHz, respectively. The raw
sensitivities of these four radiometer channels are 2.3, 0.7, 4.8,
and 2.8 mK Hz1/2, respectively. The instrument details are
discussed by Kogut et al. (2004a).

Other instrumentation on the ARCADE includes a magne-
tometer and tilt meter to determine the pointing of the ra-
diometers. A GPS receiver collects position and altitude
information. Thermometers, voltage, and current sensors col-
lect information on the condition of the instrument. A com-
mandable rotator allows rotation of the entire ARCADE
gondola at �0.5 RPM. A commandable tilt actuator allows
tipping of the Dewar with the radiometers to measure residual
beam and atmospheric effects. A camera provides in-flight
video pictures of the aperture plane. The camera transmitter
interferes with the radiometers, so the data taken while the
camera is on are not used for science.

The sky temperature estimate depends critically on the
measurement of the calibrator temperature. The other com-
ponents (horn, switch, cold reference, and amplifier) become
merely a transfer standard to compare the measurements when
looking at the sky with the measurements when looking at the
calibrator. The calibrator is addressed by Kogut et al. (2004b)
in a companion paper. There are seven thermometers em-
bedded in the calibrator and its thermal buffer plate: three at
the tips of the calibrator (T1, T2, T3), two at the base of the
calibrator (T4, T5), and two on the control plate (B1, B2).
These ruthenium oxide thermometers (Fixsen et al. 2002) are
read out at approximately 1 Hz with 0.15 mK precision and
2 mK accuracy (both are poorer at temperatures above 2.7 K).
The thermometers have been calibrated on four separate
occasions over 5 yr with absolute calibrations stable to 2 mK.
In addition to the NIST standard thermometer, the k transition
to superfluid helium at 2.18 K is clearly seen in the calibration
data, providing an absolute in situ reference.

3. THE OBSERVATIONS

The ARCADE instrument was launched from Palestine,
Texas on an SF3-11.82 balloon on 2003 June 15 at 1:00 UT
after an engineering launch the previous year. At approxi-
mately 2:20 UT the instrument reached 21 km, so the helium
became superfluid. At 2:50 UT the superfluid fountain effect
pumps were engaged to cool the upper components of the
radiometer and the external calibrator.

ARCADE reached a float altitude of 35 km at 4:00 UT. The
cover protecting the cryogenic components was opened at
4:04 UT. Radiometer gains were adjusted as the external
calibrator cooled and were set at their final values at 4:27 UT.
The calibrator was moved to the 30 GHz radiometer at
4:32 UT. After some calibration of the 30 GHz radiometer, the
calibrator was moved to the 10 GHz radiometer at 4:44 UT.
The next 10 minutes provide the key 10 GHz calibration data.
At 4:54 UT the calibrator was moved to the 30 GHz radi-
ometer. The camera was turned on to verify this move and
turned off at 5:00 UT.

A command was sent to move the calibrator back to the
10 GHz radiometer at 5:07 UT and the camera was turned on
to verify the move. However, the calibrator motor failed and
no further moves of the calibrator were possible. At 5:11 UT
the camera was again turned off. At 5:20 UT tipping maneu-
vers commenced and continued until 5:36 UT.

The helium was exhausted by 7:20 and the ARCADE
continued to operate until 8:30 UT, but without the ability to
move the calibrator, only engineering data were collected after
5:36.
The most useful observations were from 4:36 to 5:36 UT,

and all of the following derivations use various subsets of this
data. Some of the temperatures for this time are shown in
Figure 2.

4. ANTENNA TEMPERATURE ESTIMATION

Conceptually the calibration process is straightforward. The
calibrator is placed over the aperture of a radiometer, and the
four cryogenic components of the radiometer (horn, Dicke
switch, reference, and amplifier) are each warmed and cooled
to allow the measurement of the coupling or emission from
each component into the radiometer. The calibrator tempera-
ture is also changed to measure the responsivity of the radi-
ometer. The calibrator is then moved away so the radiometer
observes the sky; the parameters measured while observing
the calibrator are used to deduce the antenna temperature of
the sky.
The most efficient use of the data uses all of the component

temperature variations to obtain the best emissivity estima-
tions, so a general least-squares fit is used to solve for all of
the emissivities simultaneously. By adding the assumption that
the sky is a stable but unknown temperature, the fit can take
advantage of the component temperature changes during the
sky observations as well. The corrections for instrument and
Galactic foreground are included in the least-squares solution.
Ideally the temperature of the cryogenic components is near

that of the CMB. A linear model can then be used to predict
the radiometer output:

R ¼ gE =T; ð6Þ

where g is the responsivity of the radiometer, T is the matrix
of temperatures (each row is a component, each column a
time), E is the vector of emissivities, and R is a vector of
radiometer readings. Since neither g nor E is known a priori,
they are combined: A ¼ gE. A least-squares fit,

A ¼ T =W =TT
� ��1

=TT =W =R; ð7Þ

produces the weighted solution to the optimum parameteri-
zation A, where W is a weight matrix.
The list of temperatures in T in the full fit includes five RuO

thermometers embedded in the absorber of the external cali-
brator, two thermometers in the external calibrator thermal
control plate, a thermometer on the horn antenna, a ther-
mometer in the reference load, a thermometer on the Dicke
switch, and a thermometer on the cryogenic HEMT amplifier.
These 11 thermometers are augmented by an offset and a
derivative of the radiometer reading to allow a fit for the
precise phase between the radiometer and thermometer sam-
pling. Thus, the full T matrix is 13N, where N is the number of
observations.
Since the HEMT amplifier follows the Dicke switch, it

cannot affect the offset of the radiometer, but its gain can affect
the output. To correct for any temperature dependence in the
gain, the row for the amplifier in the temperature matrix
contains R< �Tamp, where �Tamp ¼ Tamp � hTampi. The mean
of the temperature is removed to improve the condition of the
matrix, which would otherwise have a row nearly identical to
the data being fit.
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Data analysis revealed a cross coupling from the 30 GHz
narrow channel to the 10 GHz wide channel, which followed
it in the digitization multiplexor. The coupling was 1.745%; it
is statistically significant and was removed before proceeding
with the rest of the data analysis. The other data were checked
for anomalous couplings and no others were found at the
0.003% level, although couplings between the 10 GHz chan-
nels or between the 30 GHz channels would not appear in
this analysis since they share the same front end. The lockin
and following electronics were retested after the flight, but the
coupling was not reproduced, suggesting a ground loop in the
original electrical configuration. The gondola was substan-
tially disassembled to facilitate recovery, so recreating the full
original electrical configuration is not possible.

The weight matrix W must be chosen with some care. The
weight matrix is assumed to be diagonal. There is some cor-
relation between neighboring points, but this will have mini-
mal impact on the final answer as the radiometer noise is not
the primary limitation on the measurement.

Some data are excised by making the weight zero. The
motivation here is to eliminate the data that are obviously bad
or suspect on grounds other than their position within the
residual distribution. Data are excised while the lockin am-
plifier was driven out of range (8% of 10 GHz and 25% of
30 GHz data) as these are easy to identify (data within 0.1% of
the maximum amplifier output voltage). Data were excised
while the camera transmitter was on since the camera trans-
mitter was shown to interfere with the warm amplifiers before
launch (10% of the data).

An additional 4% of the 10 GHz and 15% of the 30 GHz
data were excised as outliers. These points are all at sharp
transitions where the temperature change was rapid and the
second derivative was also high. These cuts make a significant
impact on the variations in Figure 3 but a much smaller impact
on the final answer.

Fig. 2.—Temperatures of critical components for the 10 GHz radiometer during the flight. Solid lines indicate component temperatures. Vertical bands indicate
whether the 10 GHz antenna viewed the sky or the external calibrator. Cross-hatching show times when the camera was turned on; data from these times are not used
for science analysis.

Fig. 3.—Residuals of the fit to the calibration data for the 30 GHz channel
(top) and the 10 GHz channel (bottom). The filled circles are sky observations,
and the asterisks are external calibrator observations.
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The remaining data were weighted by W ¼ 1=(T 02
x þ

T 02
r þ 0:008Tx þ 0:002Tr), where Tx and Tr are the temper-

atures of the external calibrator and the reference load, re-
spectively. The time derivatives of the calibrator temperature
and the reference load temperature are used to deweight the
data because the different clocks on the radiometer and the
thermometers introduce about 1 s of jitter between the radi-
ometer and thermometer measurements as reflected by the
coefficients on T 02

x and T 02
r . The higher temperature data are

deweighted because the thermometer readout noise and
absolute accuracy both degrade at higher temperature (Kogut
et al. 2004b; Fixsen et al. 2002). A secondary motivation in
deweighting the high-temperature data is to push the mean
weighted temperature toward the measured CMB temperature.

The time derivatives of the temperatures are included in
estimating the weight because the thermometer readout and
the lockin readout used separate clocks, leading to phase jitter
of approximately 1 s in the final data stream. In addition, the
thermal time constants are not negligible and the ther-
mometers may lead or lag the emissive parts of the compo-
nents. The time constants of the components vary from a
fraction of a second for the amplifier, which is mostly copper,
to about 5 s for the external calibrator, which has most of its
thermal mass in the form of Eccosorb. The time constants are
also functions of temperature, generally becoming faster at
lower temperature.

After the solution A is found, the responsivity can be taken
out by renormalizing so that the net response to the external
calibrator is unity. The emissivities E for the four radiometers
are shown in Table 2. The ‘‘emissivity’’ for the internal ref-
erence should be near �1 since the reference is observed
during the negative phase of the lockin. The calibrator tem-
peratures T4 and T5 are highly correlated as the thermal re-
sistance and the heat flow between them are small. The value
of the sum of their emissivities is thus much more stable than
the value of the difference. This results partly from mathe-
matical instability in the inversion of the matrix and partly
from using the data to extrapolate along a gradient rather than
interpolate. The same is true for the buffer temperatures.
Table 2 shows that most of the components have a small

coupling to the radiometer output. The critical components
are the reference and two of the external calibration ther-
mometers near the tips of the external calibrator’s Eccosorb
load and near the center of the beam (T1 and T2), where most
of the emission is expected to originate. The horn emissivity
is 0.8% or about what is expected from an aluminum antenna
of this type at this frequency. The reference load emissivity is
near its ideal of �1 for the 10 GHz radiometers, giving
confidence in the fit.
As can be seen from Table 3, the mean temperatures of the

major components of the 10 GHz radiometer are near the
CMB temperature. This minimizes the effects of reflections,

TABLE 2

Coefficients A from the Least-Squares Fit (eq. [7])

10 GHz Radiometer 30 GHz Radiometer

Thermometer Component Wide Narrow Wide Narrow

Calibrator T1............................. 0.556 0.545 0.720 0.854

Calibrator T2............................. 0.365 0.371 0.442 0.458

Calibrator T3............................. 0.059 0.069 0.062 0.041

Calibrator T4............................. �0.052 �0.064 1.306 �0.736

Calibrator T5............................. �0.033 �0.034 �1.475 0.374

Buffer B1 .................................. 0.190 0.180 0.405 0.217

Buffer B2 .................................. �0.084 �0.067 �0.460 �0.208

Horn antenna............................. 0.004 0.010 �0.021 �0.001

Dicke switch ............................. 0.002 0.007 0.355 0.169

Reference .................................. �1.045 �1.041 �1.008 �0.857

HEMT amplifier (K�1) ............. 0.009 0.007 �0.007 0.016

Time shift (s) ............................ 0.127 0.093 �0.599 �0.600

Offset (K).................................. 0.141 0.007 �0.670 �0.941

Notes.—Coupling parameters have been renormalized so the sum over the calibrator is
1. All lines other than the last three rows are dimensionless emissivities. The locations for
each of the thermometers within the calibrator are shown by Kogut et al. (2004b).

TABLE 3

Temperatures and Variations

10 GHz Radiometer 30 GHz Radiometer

Component Temperature

Mean

(K)

Variation

(K)

Mean

(K)

Variation

(K)

Calibrator................................... 3.94 0.88 4.16 1.05

Horn antenna............................. 2.79 0.32 6.93 2.67

Dicke switch ............................. 2.62 0.31 2.89 0.61

Reference .................................. 2.75 0.24 2.97 1.34

HEMT amplifier ........................ 2.73 0.17 2.84 0.59

Note.—These are the mean-weighted temperature and rms-weighted variations used in
the model.
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unmodeled emission, and responsivity variations. The cold
reference has as much impact on the radiometer signal as the
sky or external calibrator. However, the sky temperature es-
timation does not depend on the absolute accuracy of the
reference thermometer. Nevertheless, the reference thermom-
eter (like all of the thermometers) is read out to a precision of
0.15 mK and has been calibrated to 2 mK, at the k point,
against an absolute NIST standard.

Figure 3 shows the residuals in the data after the model has
been removed. Comparing Figure 2 with Figure 3, it can be
seen that while the radiometer component temperatures vary
by several kelvin, the residuals of the fit vary by only tens of
millikelvin. The sky data are even better with only 5 mK rms
residuals. While this may be surprising for a linear model that
has only 13 parameters and no explicit information about the
radiometer, it demonstrates that the system is close to linear
and all of the major components are measured. The higher
residuals during the calibration are mainly due to the high
rates of temperature change in the calibrator.

The 30 GHz data have higher residuals than the 10 GHz
data (Fig. 3, bottom panel ). There are four contributing rea-
sons. First, the 30 GHz radiometers have higher intrinsic
noise, which is amplified by the fitting process. Second, most
of the data are calibration data that have additional noise
from the calibrator and do not constrain some of the pa-
rameters of the fit as well. Third, the temperatures of the
calibrator and the antenna are higher than for the 10 GHz
data, providing a poorer match to the CMB. Fourth, the an-
tenna observes a smaller section of the calibrator, so gradient
and changes in time are not smoothed as well as in the
10 GHz radiometer.

To estimate the sky temperature, the temperature of all of
the calibrator thermometers in the fit is replaced with a test sky
temperature plus foreground models for times that the radi-
ometer observes the sky. The test sky temperature is then
varied to find a minimum in

�2 ¼ (A =T � R) =W = (A =T � R); ð8Þ

which is interpreted as the best-fit sky temperature. The var-
iation in the �2 is then used to determine the statistical un-
certainty of the sky temperature. The �2 is renormalized at the
best-fit solution, so this procedure includes some, but not all,
of the systematic effects.

In the long-wavelength limit the antenna temperature and
the thermodynamic temperature are identical. For some of the
lower temperatures in this experiment, this approximation is
marginal, so the thermodynamic temperature is translated to
an antenna temperature for each of the measurements and the
entire fit is done with antenna temperatures. This makes a
1 mK correction to the 10 GHz result and lowers the total �2

by 2.6 and 1.7 for the two channels. The effect is larger
(8 mK) for the 30 GHz result with �2 changes of 18 and 24 for
the two channels. The results of this fit are shown in Figure 4.

The final thermodynamic temperatures for the four channels
are 2:730 � :005 (10 GHz narrow), 2:712 � :005 (10 GHz
wide), 2:680 � :016 (30 GHz narrow), and 2:697 � :008 K
(30 GHz wide), where the 1 � uncertainties are calculated
from the change in �2.

5. FOREGROUND ESTIMATION

One of the principal advantages of a balloon flight is that it
puts the instrument above about 99.5% of the atmosphere and

a larger fraction of the water vapor. The residual atmosphere is
less than 1 mK in the 10 GHz channel (Staggs et al. 1996b).
This is too small to be seen in our tipping scans; no correction
is made, but 1 mK uncertainty is included in the final uncer-
tainty estimate.

5.1. Estimation of the Instrument Foregground

Most of the instrument was in the far sidelobes of the
horns, so its thermal emission to the radiometer is negligible.
However, the flight train, consisting of the parachute, ladder,
FAA transmitter, and balloon, is directly above the radiom-
eter only 30� from the center of the beam. Its emission could
not be ignored. Since this system is complicated and moves
with the balloon rather than the gondola, a reflector attached
to the gondola was constructed of aluminized foam board to
hide these components and instead reflect the sky into the
radiometers.

The 4� sr antenna pattern was carefully measured in the
Goddard test range in the flight configuration in the flight
Dewar including the external calibrator. This measured pattern
was convolved with the positions and emissivity estimates of
the flight train and balloon to estimate the radiation from the
balloon and flight train. The total expected emission does not
change much because of the reflector, but it is much easier to
compute and more stable. The details of this calculation are
provided by Kogut et al. (2004a).

Tip scans in flight provide a direct emission measurement
from the instrument. After the external calibrator and sky were
observed, the radiometer was tipped up to 6�, leading to pre-
dictable changes in the antenna temperature as the angle to the
reflector changed. The predicted model was fitted to the tip
scan data with a single overall scale factor, with the best fit
1:5 � 0:3 of the predicted signal for the 10 GHz channels.
This is within the uncertainty of the emissivity assumed by the
model.

Because of the failure in the external calibrator moving
mechanism, the measurement could not be repeated for the
30 GHz channel. However, the rough agreement between the
model and the measurement gives confidence to the estimate
of 10 mK radiation from the reflector. We correct the data for

Fig. 4.—The �2 as a function of the test sky temperature for the 10 GHz
channels. The parabola on the left is for the wide channel, and the parabola on
the right is for the narrow channel. Both have been renormalized to a �2/dof of
1 at the minimum. Dotted lines indicate 1 and 2 � cutoffs.
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1:5 ; 10 mK ¼ 15 mK and assign a 0:3 ; 10 mK ¼ 3 mK un-
certainty to the correction.

5.2. Estimation of the Galactic Foregground

The antennas viewed the sky at Galactic latitude 13� <
b < 83� with a majority of observations at b > 35�. The
Galactic foreground is estimated using models of the syn-
chrotron, free-free, and dust emission derived from the Wil-
kinson Microwave Anisotropy Probe (WMAP) and other data
(Bennett et al. 2003). The WMAP maximum entropy fore-
ground models for each component are scaled to the center
frequency of each ARCADE band using the spectral index
derived from the WMAP 23 and 33 GHz data. Then the
components are combined and convolved with the symme-
trized ARCADE beam pattern to produce a smoothed map
at each ARCADE band. The data are corrected to the mean
sky temperature by including the CMB dipole as an additional
‘‘foreground.’’ Higher order anisotropies in the CMB are in-
significant at this level and have been ignored.

Spatial structure in the foreground model is dominated by
the Galactic plane and the CMB dipole. This spatial variation is
used as a rough check of the model and the instrument point-
ing. A magnetometer and redundant clinometers mounted
on the Dewar allow reconstruction of the pointing within 3

�
.

The calibrated data are compared to the foreground model as
the gondola rotation sweeps the beams across the sky. The
calibrated data at 10 GHz are fitted to a sky model that
includes a scaled version of the predicted foreground plus a
pointing offset. The best-fit amplitude is 1:07 � 0:20 times the
predicted foreground with pointing offset less than 5

�
.

Absolutely calibrated single-frequency maps are unable to
distinguish between the CMB and the spatially homogenous
part of foreground emission. The homogenous part of each
Galactic foreground is estimated using template maps domi-
nated by each component. Synchrotron emission dominates
the 408 MHz survey (Haslam et al. 1981). A fit to csc (jbj) for
jbj > 40

�
yields a zero level 20 � 3 K at the Galactic poles at

408 MHz. The spectral index � between 408 MHz and the
ARCADE frequency bands varies across the sky and is not
precisely known; estimates typically range from �2.7 to �3.2
(Platania et al. 1998; Bennett et al. 2003; Finkbeiner 2004).
Uncertainty in the synchrotron spectral index dominates the
uncertainty in the foreground zero level for ARCADE. Simply
scaling the synchrotron zero level as T(�/408 MHz)� with
�3:2 < � < �2:7 yields values between 0.7 and 3.5 mK at
10 GHz. Bennett et al. (2003) present a synchrotron model
that explicitly takes into account the spatial variation of the
spectral index. Extrapolating this model using the WMAP data

at 33 and 23 GHz yields a zero level of 1.4 mK at 10.1 GHz.
Since WMAP provides high-quality data at frequencies at or
near the ARCADE data, we adopt the WMAP model for the
zero level and assign uncertainty 2 mK at 10 GHz to account
for the uncertainty in the spectral index.
Microwave free-free emission from ionized gas can be

traced using H	 emission from the same gas (Finkbeiner
2003). H	 emission at jbj > 75� has intensity 0.5 R, cor-
responding to 0.04 mK at 10 GHz (Bennett et al. 2003).
Thermal dust emission is similarly faint, with 10 GHz antenna
temperature below 1 �K at jbj > 75

�
(Finkbeiner et al. 1999).

All Galactic foregrounds are negligible (less than 0.5 mK) at
30 GHz.

6. UNCERTAINTY ESTIMATION

Operating the radiometer in a near null condition greatly
relaxes constraints on the gain, linearity, and reflection of the
system. It is instructive to imagine an ideal situation where all
of the components of the radiometer (horn, calibrator, switch,
load, amplifier, etc.) are at the same temperature as the sky. In
this case there is no change in radiometer output when
switching from sky to calibrator or back, and the gain, offset,
and linearity of the radiometer are irrelevant. Reflections do
not matter since no matter what is reflected into the radiom-
eter, its temperature is the same as the sky. What matters in
this ideal case is only the calibrator temperature and the
contributions of foregrounds.
ARCADE does not reach this ideal, but as shown in

Table 3, the temperatures are within 0.1 K except for the
calibrator, which has a mean temperature 1.22 above the CMB
temperature. The range of calibrator temperatures measured
throughout the observations includes significant overlap with
the 2.72 K of the CMB.
The overall uncertainty in the radiometric temperature is a

combination of the uncertainties of the parts of the model that
go into the radiometric temperature estimate. Each of the
uncertainties listed in Table 4 is discussed in turn in the fol-
lowing subsections.

6.1. Statistical Uncertainty

The statistical uncertainty is derived directly from the data.
After the residuals are computed, the �2 is renormalized so
that the �2/dof is 1. This is larger than the radiometer noise
because the residuals are still contaminated by some residual
systematic effects. The difference between the 10 GHz wide
and 10 GHz narrow results is somewhat larger than one would
expect, but the probability of getting a difference this large is
10%. We note that this is not so improbable, so the two results

TABLE 4

Uncertainty Summary

Source

10 GHz Radiometer

(mK)

30 GHz Radiometer

(mK) Notes

Statistical uncertainty.............. 4 7 From �2

Thermometer calibration......... 3 4 From laboratory tests

Calibrator gradients................. 8 30 Fits with thermometers omitted

Instrument emission ................ 3 5 30% of model

Atmosphere emission.............. <1 <1 Signal is smaller than this

Galactic emission .................... 2 <1 Synchrotron zero point uncertainty

Total uncertainty ................. 10 32

Notes.—Uncertainty estimates are discussed in x 6. Uncertainties are added in quadrature.
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are combined into a single average. The 30 GHz data have
larger uncertainties because of the larger noise and shorter sky
observation. They too are averaged.

6.2. Absolute Thermometer Calibration Uncertainty

The sky temperature cannot be determined to better accu-
racy than the absolute calibration of the thermometers in the
external target. The thermometer calibration was tested several
times before the flight and retested after the flight. Each test
reproduces the calibration to about 2 mK accuracy verified
against a NIST standard and cross-checked at the k transition.
The accuracy is degraded at higher temperatures, but the
calibration has been shown to be stable over long periods. The
uncertainty is larger for the 30 GHz because the calibrator has
a higher mean temperature in the 30 GHz calibration.

6.3. Temperature Gradient Uncertainty

The uncertainty in the sky temperature is dominated by
thermal gradients in the external calibrator. If the calibrator
were isothermal, its only contribution to the sky temperature
uncertainty would be the absolute calibration uncertainty of
the embedded thermometers. Spatial gradients are observed
within the Eccosorb absorber. The largest gradient averages
720 mK front to back, with the absorber tips warmer than the
back. Transverse gradients are smaller, with a mean gradient
of 213 mK between thermometers T1 and T2 and 65 mK
between T2 and T3. These gradients are not stable in time but
vary with scatter comparable to the mean amplitude.

The radiometric temperature of the external calibrator
depends on the integral of the temperature distribution within
the absorber, weighted by the electric field at the antenna
aperture. This integral is approximated as a linear combination
of the five thermometers imbedded in the absorber. The time
variation in the temperatures and radiometer output is used to
derive a single time-averaged weight for each thermometer.
The procedure is insensitive to thermal gradients in directions
not sampled by the thermometers, or on spatial scales smaller
than the spacing between thermometers. The flight data are
used to estimate these residual effects.

Differences between the calibrator radiometric temperature
and the linearized model will appear as residuals in the cali-
brated data. The top panel of Figure 3 shows the time-ordered
residuals as the 10 GHz radiometer observes both the cali-
brator and the sky. The residuals have standard deviation of
20 mK during calibration, compared to 5 mK during obser-
vations of the sky (the weighted average is 6 mK). Figure 5
shows the calibration residuals sorted with respect to the main
front-to-back gradient in the calibrator. There is no correlation
between the residuals and the measured temperature gradients.
The uncertainty in the measured radiometric temperature of
the calibrator is thus

�T ¼ �cal=
ffiffiffiffiffiffiffiffi
NeA

p
; ð9Þ

where �cal is the standard deviation of the calibration residuals
and Neff is the number of independent observations. The cal-
ibration residuals are highly correlated in time, so Neff is
smaller than the number of data points during calibration. We
estimate the uncertainty by noting that the 10 GHz calibration
data show 16 zero crossings, so that �T � 20 mK=

ffiffiffiffiffi
16

p
¼

5 mK at 10 GHz and �T � 30 mK=
ffiffiffiffiffi
36

p
¼ 5 mK at 30 GHz.

The linear model assumes a sufficient density of ther-
mometers to adequately sample gradients within the absorber.
This assumption is tested by dropping each thermometer in
turn from the fit and repeating the analysis. Additional fits
derive the sky temperature after dropping two thermometers.
While the �2 increases for these fits (sometimes dramatically),
the sky temperature remains in a narrow range provided that at
least one of (T1, T2) and at least one of (T4, T5) are included
in the fit. These are the thermometers needed to sense the main
front-to-back temperature gradient in the calibrator. Any ad-
ditional thermometer is sufficient to sample the remaining
(small) transverse gradients, demonstrating that the five
imbedded thermometers provide adequate spatial sampling of
any thermal gradients within the calibrator. The scatter in the
set of solutions without one or two thermometers serves as a
conservative estimate for the uncertainty from finite sampling
of the temperature within the calibrator. The standard devia-
tion of the sky temperature for these solutions is 8 mK for the
10 GHz radiometer and 30 mK for the 30 GHz radiometer
(which has a much smaller ‘‘footprint’’ of the antenna aperture
on the calibrator). This is comparable to the uncertainty de-
rived from the time-ordered data using a radically different
approach. We conservatively adopt the larger value as our
estimate for the uncertainty resulting from temperature gra-
dients within the calibrator.

6.4. Instrument Emission Uncertainty

The emission from the reflector and the flight train was
modeled and measured, and the two agree within the mea-
surement uncertainties. The careful measurement of the beam
from the mouth of the antenna allows a very complete model.
The tipping tests demonstrate that this model is basically
correct. The major uncertainty in the model is the emissivity
of the aluminum foil on the foam. By calibrating against the
measurement, this uncertainty is reduced.

6.5. Atmosphere and Galactic Emission Uncertainty

The atmosphere has minimal contribution at 35 km, and
Galactic emission at the radiometer frequencies is small out of
the Galactic plane. Even large fractional uncertainties in these
estimations are unimportant to the final measurement.

Fig. 5.—Scatter plot of the residuals vs. the front-to-back thermal gradient
in the calibrator. The residuals are uncorrelated with the temperature gradients.
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6.6. Instrument Drifts

Of some concern are the possible drifts of the instrument
gain and offset in the instrument. The offset of the high-
frequency amplifiers is effectively canceled by chopping be-
tween the load and the sky/calibrator at 100 Hz. The gain
of the amplifiers might be temperature dependent. The cold
HEMT amplifier is expressly checked in the model although
excluding the amplifier temperature from the fit does not re-
sult in a significant change in the final temperature estimation.
The warm amplifiers were cooling very slowly during the
observations. Including a linear gain drift did not significantly
improve the fit or alter the final temperature, and it was not
included in the final fit.

The thermometer readout system was stabilized by includ-
ing four fixed resistors selected for temperature stability for 4
of the 32 channels (Fixsen et al. 2002). Tests over 4 yr have
amply demonstrated the stability of the thermometers.

The level of helium changed over the course of the obser-
vations. However, all of the components of the radiometers
were well above the liquid helium for the entire set of
observations, and the temperature that was affected by the
helium flow was monitored at many points.

Nitrogen ice precipitated out during the observations.
However, the nitrogen ice collecting on the aperture plane and
flares visible in our camera during the observations is negli-
gible as it remains at the temperature of the aperture plane or
flare. It is hard for nitrogen to collect on the inside of the
calibrator as the back of the calibrator is sealed and the front
of the calibrator is closed by the aperture plane or the horn.
Both of these are well below the freezing point of nitrogen, so
any nitrogen getting to the surface of the horn or aperture
plane will freeze immediately and stay where it first comes
into contact with the aperture plane or flare.

While observing, some nitrogen is collected within the
horns. This nitrogen freezes out near the mouth of the horn as
that is the entry point, and a flow of helium from the horn
impedes nitrogen flow into the horn. The nitrogen freezing out
on the horn will have a small impact because it has no rota-
tional modes and so no lines at the ARCADE wavelengths.
Furthermore, as it is in thermal contact with the horn, it is
close to the horn temperature. Its effects are largely limited to
changing the dielectric surface of the horn near its mouth.
Dielectric on the surface of the horn may change its beam
pattern slightly, but even a significant change in the beam
pattern would have no effect on the results of the experiment.
The sky is observed both before and after calibration, so small
second-order effects are overshadowed by the uncertainties of
the gradients within the calibrator.

7. DISCUSSION

Since the sky data are compared directly to the external
calibrator, systematic effects from the instrument are all
eliminated to first order. Instead, the burden falls on the ex-
ternal calibrator. The key issues are the emissivity (or black-
ness) of the calibrator, the accuracy of the thermometers, and
the relationship between the temperature of the thermometers
and the temperature of the emitting surfaces.
The ARCADE external calibrator has been measured to be

�99.97% emissive at 30 GHz and �99.998% at 10 GHz using
the flight horn antenna (Kogut et al. 2004b). The emissivity
measurement was done at 295 K, but the change from 295 to
3 K should be small because the resistance changes less than
50% from 300 to 1 K (Hemmati et al. 1985). However, the
reflected radiation is almost entirely radiation from the horn
that was at �2.8 K. The residual uncertainty from this effect is
0.1 mK.
The remaining issue is the relationship between the tem-

perature of the thermometers and the temperature of the
emitting surface of the external calibrator. If there were no
gradients, the issue would vanish, but typically the gradient is
700 mK during the time of the observations. Some of these
gradients are measured showing that the main gradient is from
the front to the back of the external calibrator. The mean
temperature of the emitting surface is modeled by a linear
combination of the seven thermometers on the external cali-
brator. The changing temperature gradients themselves deter-
mine the fit to the combination of thermometers that best
models the data. As long as the variations reflect the actual
mean temperatures, this is a good model. Tests fitting the sky
temperature after dropping individual thermometers demon-
strate that the calibrator has enough thermometers to ade-
quately sense the thermal gradients.
The engineering tests done during this flight provide

a base for the design and operation of the next ARCADE
mission, which will have six frequencies extending from 3 to
90 GHz.
The ARCADE instrument has measured the radiometric

temperature of the CMB to be 2:721 K � 10 mK at 10 GHz
and 2:694 K � 32 mK at 30 GHz.
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Institute of Technology, under contract with the National
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