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ABSTRACT

The COBE Differential Microwave Radiometers (DMR) instrument has produced preliminary full sky
microwave maps at 31.5, 53, and 90 GHz with two independent channels at each frequency. At millimeter
wavelengths, the cosmic microwave background (CMB) dominates the sky brightness with an intensity more
than a thousand times the foreground Galactic emission. Emission from our Galaxy is seen unambiguously at
all three frequencies. The dipole anisotropy, attributed to the motion of our solar system with respect to the
CMB reference frame, shows strongly in all six sky maps and is consistent with a Doppler-shifted thermal
spectrum. The best fitted dipole has amplitude 3.3 + 0.2 mK in the direction («, ) = (11'2 £ 02, —7° 4+ 2°
(J2000) or (I, b) = (265° + 2°, 48° + 2°). There is no clear evidence in the maps for any other large angular
scale features. We place a limit of AT/Ty <3 x 107° (T, = 2.735 K) for the rms quadrupole amplitude; for
monochromatic fluctuations AT/T, < 4 x 10~3; and for Gaussian fluctuations AT/T, < 4 X 1075, All limits
are given at the 95% confidence level and reflect currently estimated limits on systematic effects. These mea-
surements place the most severe constraints to date on many potential physical processes in the early universe,
such as anisotropic expansion of the universe, very long wavelength gravitational waves, cosmic strings, and

large-scale primordial fluctuations.

Subject headings: cosmic background radiation — cosmology — early universe

1. INTRODUCTION

Twenty-five years after its discovery the cosmic microwave
background (CMB) radiation remains our most significant
probe of the large-scale structure and thermal history of the
universe. In the standard big bang model of cosmology, the
CMB has traveled to us directly from an early epoch when the
universe was roughly a thousand times smaller than the
present. The last significant interaction between the CMB and
matter in the universe was Thomson scattering of the CMB at
a redshift of about a thousand, over a small range (+4%) of
redshift named the surface of last scattering. A measurement of
the intensity of the CMB as a function of angle on the sky
represents a map of the large-scale geometry of the observable
universe and the distribution of matter and energy from that
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early epoch. In the standard big bang model, regions of the sky
separated by more than a few degrees were not causally con-
nected at the surface of last scattering. Any structures or fea-
tures appearing on larger angular scales are intrinsic and
reflect fundamental features of the universe remaining from its
earliest times (z > 10%). In this Letter, we present preliminary,
but precise, microwave maps of the sky and thus of the early
universe derived as the first results from the Differential Micro-
wave Radiometers (DMR) experiment aboard the Cosmic
Background Explorer (COBE). Previous large angular scale iso-
tropy measurements are reviewed by Partridge (1988) and
Wilkinson (1986) and are compared to the DMR results in
Table 2.

The DMR instrument is designed to map the CMB intensity
on large angular scales. The instrument is described by Smoot
et al. (1990) and its calibration techniques by Bennett et al.
(1991). The instrument consists of six differential microwave
radiometers, two independent radiometers at each of three fre-
quencies: 31.5, 53, and 90 GHz, corresponding to wavelengths
of 9.5, 5.7, and 3.3 mm. These frequencies were chosen to be
near the minimum of the Galactic emission spectrum and near
the CMB peak. The multiple frequency measurements provide
the ability to separate Galactic emission from cosmic emission
based on spectral shape and to measure the spectrum of
detected anisotropies.

The DMR instrument measures the difference in power
received from two regions on the sky that are 60° apart. Each
antenna has a field of view which is approximately a 7°
FWHM Gaussian (Toral et al. 1989). COBE (Boggess et al.
1991) is in a 900 km altitude near-polar (99° inclination) orbit
which precesses to follow the terminator. Over 6 months the
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combination of the 0.8 rpm spacecraft spin, 103 minute orbit,
and 1° per day orbital precession cause the DMR antennas to
observe every portion of the sky thousands of times. Each
portion of the sky is linked to every other portion of the sky
through highly redundant difference measurements between all
fields of view which are 60° apart.

2. DMR OBSERVATIONS AND DATA PROCESSING

Data from COBE are digitized and stored in an on-board
tape recorder before being telemetered daily to a ground
station. A preprocessor strips the DMR data from the tele-
metry stream, merges the raw DMR data with spacecraft atti-
tude and orbit information, and checks the quality of the data,
flagging data known or suspected to be unusable. We reject
data of questionable telemetry quality, data without accom-
panying attitude information, or with the instrument science
telemetry disabled. This accounts for less than 1% of the data.
We reject spikes and transients in the data, discarding all
points that lie more than S times the RMS scatter from the
daily mean (<0.1% of the data). The Moon is the only known
solar system, Galactic, or extragalactic source observed by
COBE that would exceed this limit. The next largest signal is
from Jupiter and is less than 0.3 mK. The attitude control
system keeps the instrument in the shade at all times with
viewing angle >60° from the Sun. For this Letter the small
effects of Jupiter and the Sun are ignored, and all data with an
antenna pointed within 25° of the Moon are rejected.

We remove a mean 4 hr baseline and apply a calibration
factor to convert the data from digitized telemetry units to
antenna temperature. We correct the calibrated data to solar
system barycenter to remove the effects of the satellite motion
(7.4 km s~ ') around Earth and Earth’s motion (30 km s~ 1)
around the solar system barycenter. The results below contain
no other corrections. The calibrated data are fitted to spherical
harmonic expansions and to sky maps with 6144 pixels (2°8
angular size) whose independent antenna temperatures are
chosen to minimize the y? sum,

x* =Y (T, — T,— DT;)*/a%,

where the sum is over all observations; T; and T; are the map
temperatures at pixels i and j, respectively; and DT;; and o;; are
the measured temperature differences between pixels i and j
and their associated errors, respectively. Since the antenna
beam width is larger than the pixel size, there is some corre-
lation between neighboring pixels for any real signal. Further
details of the data processing algorithms may be found in
Torres et al. (1989).

By a week after the 1989 November 18 launch, all six chan-
nels of the DMR instrument were collecting stable data. At this
time the random errors are dominated by white noise from the
receivers. The noise levels are close to those measured prior to
launch; the noise has a Gaussian distribution to a high degree
of accuracy, with typical current RMS noise per pixel on the
order of AT/T, ~ 10™* and per spherical harmonic coefficient
AT/Ty ~ 3 x 107° (68% confidence limit). These preliminary
DMR results are limited not by this statistical uncertainty, but
by our current estimates of upper limits on potential system-
atic effects. The COBE orbit provides full sky coverage but
could also introduce spurious modulation of the signal corre-
lated with antenna pointing (e.g., from changes in local mag-
netic field or instrument temperature). Intermittent local
foreground signals in the antenna sidelobes may introduce fea-
tures (e.g., Earth emission, diffracted solar radiation, or Moon

emission). The data reduction process itself, including the sub-
traction of the instrumental baseline, could also lead to the
addition or subtraction of features in the maps.

A variety of techniques exist to identify potential systematic
errors and place limits on their effects. The most general tech-
nique is a least-squares fit to the time-dependent effect in the
calibrated data. As a cross-check, and for instances where the
time dependence is not known a priori, upper limits may be
derived through differencing sky maps produced when the sys-
tematic effect is known to be at different strengths. The degree
to which the subtracted maps differ from instrumental noise
provides a limit to the effect on the DMR sky maps.

Table 1 lists preliminary 95% confidence limit upper limits
to potential systematic effects in the maps for each of the DMR
channels. The largest is the absolute calibration of the instru-
ment, currently uncertain to 5%. The uncertainty in absolute
calibration does not create artifacts in the maps but affects the
calculated amplitude of existing features (e.g., the dipole
anisotropy). We are continuing to obtain and analyze cali-
bration information and anticipate improved calibration in the
future. The next largest effect is the modulation of the instru-
ment output in Earth’s magnetic field; the primary effect is
upon the dipole term of a spherical harmonics expansion. The
magnetic effects will be modeled and removed in future
analysis. The A channel at 53 GHz unambiguously shows this
effect; we do not include the 53A channel in the results present-
ed below. The largest potential effects upon the quadrupole
term are Earth emission and the possibility of undetected cali-
bration drifts. The current 95% confidence limit upper limits
on the combined systematic errors are AT/T, < 8 x 1075 for
the dipole anisotropy and AT/T, < 3 x 10~ for the quadru-
pole and higher order terms. Unless stated otherwise, all uncer-
tainties are 95% confidence level; we use a value T, = 2.735 K
(Mather et al. 1990; Gush, Halpern, & Wishnow 1990). As the
DMR gathers redundant sky coverage and the analysis con-
tinues, we will produce refined estimates of, or limits on, these
effects. It is important to note, however, that the DMR is free
from some of the systematics of previous large-scale sky
surveys. Two independent full sky maps at each of three fre-
quencies, with rapid and highly redundant sky coverage,
present a powerful tool for analysis and removal of possible
systematic effects.

In addition to the effects listed in Table 1, various celestial
sources present in the sky (e.g., planets, the Galaxy, and extra-
galactic sources) will create anisotropies in the sky not of
cosmological origin. These are generally small. We estimate
that Galactic emission is less than 0.13 mK at Galactic latitude
|b| > 10° at 53 and 90 GHz.

3. RESULTS

Figure 1 (Plate L1) shows six maps of the entire sky in
Galactic coordinates. The readily observable features in these
maps are the dipole anisotropy and emission from the Galactic
plane. Galactic emission is visible in the maps at all three
frequencies at approximately the level estimated prior to flight.
We have fitted the individual maps and the raw data directly
for a dipole and a dipole plus quadrupole anisotropy, exclud-
ing data where |b| < 10°. Fitted parameters and formulation
are shown in Table 2. The only large angular scale anisotropy
detected to date is the dipole anisotropy. We consider some
sample potential anisotropies in more detail.

Movement at a speed f = v/c relative to an isotropic black-
body radiation field of temperature T, produces a Doppler-
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TABLE 1

PRELIMINARY 95% CONFIDENCE LEVEL UPPER LIMITS TO SYSTEMATIC EFFECTS
IN DMR Maprs (mK)

CHANNEL
EFFECT 31A 31B 53A 53B 90A 90B
Signals
Earth ..o 0.070 0.070 0.040 0.040 0.040 0.040
Moon (>25% ..oeveiniiinnnnnnn. 0.004 0.004 0.004 0.004 0.004 0.004
COBE shield and Dewar 0.002 0.002 0.002 0.002 0.002 0.002
SUN L 0.001 0.001 0.001 0.001 0.001 0.001
Environmental Susceptibilities
Magnetic (dipole) .............cooiil. 0.077 0.100 0.260 0.034 0.143 0.059
Magnetic (quadrupole) 0.014 0.017 0.022 0.024 0.079 0.006
Thermal ...........c.coooeni. 0.012 0.010 0.012 0.010 0.009 0.007
Voltage ....... 0.010 0.010 0.010 0.010 0.010 0.010
Cross-talk 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Software and Calibration
Absolute calibration® ...................... 0.165 0.165 0.165 0.165 0.165 0.165
Calibration drift ................ 0.043 0.079 0.031 0.033 0.049 0.039
Antenna pointing 0.030 0.030 0.030 0.030 0.030 0.030
Basedrift .................. 0.012 0.033 0.005 0.005 0.009 0.006
Solution stability 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Total systematics, dipole ................ 0.20 023 0.32 0.18 0.23 0.19
Total systematics, [ >2 ................. 0.09 0.12 0.07 0.07 0.11 0.07
* Dipolé term only.
TABLE 2
DIPOLE AND QUADRUPOLE ANISOTROPY PARAMETERS
AMPLITUDE (mK)
COEFFICIENT DMR? Berkeley® Princeton® Relict?
To(mK) .......... 2735 + 60°
D (mK) .......... —3.24 £ 0.20° —33740.17 —3.07+0.17 —3.08 +£0.10
D,(mK) .......... 0.67 + 0.13f 0.63 + 0.09 0.67 + 0.09 0.57 + 0.05
D,(mK) .......... —0.40 + 0.13f —0.49 + 0.09 —045 + 0.09 —0.44 + 0.05
Q,(mK) .......... —0.03 + 0.078 0.21 + 0.09 0.15 + 0.08 —0.02 £ 0.03
Q,(mK) .......... 0.02 + 0.078 0.27 £ 0.10 0.15 +0.11 0.04 + 0.03
Q,(mK) .......... —0.03 + 0.078 0.16 +£ 0.11 0.13 + 0.07 —0.02 + 0.03
Q,(mK) .......... —0.05 + 0.078 —0.10 £+ 0.09 —0.06 £ 0.11 0.05 + 0.02
Qs(mK) .......... 0.02 + 0.07# 0.05 + 0.08 —0.01 + 0.07 —0.15 + 0.04
Dh(mK) .......... 33 +02f 344 + 021 3.18 £ 0.21 3.16 + 0.12
() IO 112 £02f 112 +02 112 +02 113 +02
.................. —7° 42 —6° £+ 15 —8°+2° —8° 425
Qs (MK) ... <0.078 <02 <02 <0.08

Note—T(a, 8) = Ty + D, cos & cos a + D, cos ¢ sin a + D, sin 6 + Q,(3 sin? 6 — 1)/2

+ Q,sin 26 cos a + Q4 sin 25 sin a + Q, cos? § cos 2a + Q5 cos? § sin 2a.
* DMR: this Letter.
b Berkeley: Lubin et al. 1985.
° Princeton: Fixsen, Cheng, & Wilkinson 1983.
d Relict: Strukov & Skulachev 1988. Our analysis for quadrupole values.
¢ Mather et al. 1990.
f 95% confidence limit estimated systematic error limits including calibration error.

£ 95% confidence limit estimated systematic error limits.
" D2 = D2 + D? + D? = 3D2

rms?

celestial coordinates epoch J2000 for DMR.
1 Q2 =4/15(3/402 + Q% + Q3 + Q2 + Q). Limits are 95% confidence limit.
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shifted temperature distribution (Peebles & Wilkinson 1968),
which can be expanded in powers of f:

T(6) = To(1 — B*)"?/(1 — B cos 0)
~ To[1 + B cos 0 + (B%/2) cos 20 + O(3)] .

The monopole term is the temperature of the CMB without the
Doppler shift. The first-order term in f is a dipole distribution,
which varies as the cosine of the angle 6 between the direction
of observation and the velocity. The second-order term in fis a
quadrupole, which varies as the cosine of twice the angle with
an amplitude f/2 times the dipole amplitude. The spectrum of
all the published dipole parameters, including those from the
FIRAS experiment (Cheng et al. 1990), are consistent with a
Doppler-shifted blackbody origin.

Accepting the interpretation that the dipole anisotropy is
due to the Doppler shift of our motion relative to the
CMB radiation field, the DMR-determined speed is
f =0.00122 + 0.00006 or v =365+ 18 km s~ ! (using T, =
2.735 K). The dipole results and the maps shown are in the
solar system barycenter frame. Assuming that the local stan-
dard of rest moves at 220 km s~ ! toward the direction I = 90°,
b = 0° (Fich, Bliiz, & Stark 1989) and that the solar system
motion with respect to the local standard of rest is 20 km s !
toward I=57°, b=23° (Kerr & Lynden-Bell 1986), the
derived peculiar motion of the Galaxy is v, = 547 + 17 kms ™!
in the direction I = 266° + 2° and b = 29° 4 2°. Using a solar
motion relative to the Local Group of galaxies of 308 km s~ 2,
toward | = 107° and b = —7° (Yahil, Tamman, & Sandage
1977), the velocity of the Local Group of galaxies is v,, =
622 + 20 km s~ ! in direction | = 277° + 2°and b = 30° + 2°.

A general multipole expansion fitting to the data and maps
is of the form

T(07 ¢a V) =; =Z—l lalm(v)Ylm(e’ ¢)
I:(Zl + 1)1 — |m|)!:|”2
4n(l + |m])!

x Pi™l(cos O)e™?

= Z Z alm(v)
1

m=—11

where the Y,,(0, ¢) are the orthonormal spherical harmonics
and v is frequency. However, since the temperature T must be
real, we use

TO, ¢) = ; > l[blm cos (m@) + b,_,, sin (m¢)]
m=0,
K QI+ 1)1 —m)!
4n(l + m)!
where k = \/2for m # 0 and k = 1 for m = 0; P{*(cos 6) are the
associated Legendre functions, and thus

1/2
:I PJ*(cos 0) ,

1
alm(v) = ﬁ [blm(v) - ibl—m(v)] >

—1m
unl) = Do)+ 9]

and the b,,, are real numbers. We have fitted both the data and
the maps, excluding the region contaminated by the Galactic
plane, to obtain the b,, to order | = 20.

Figure 2 (Plate L2) shows the maps with the fitted dipole
anisotropy subtracted. There is no visible evidence for any
emission features other than the Galaxy, which is primarily
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localized to the Galactic plane. We have made a series of fits
and searches with various cuts in Galactic latitude. We find a
limit on

1 1/2
Qrms = <(AT)§uadrupole>l/2 = <Z— Z |b2m |2>
T m
corresponding to Q,../To = (AT/Ty)ms < 3 x 1075 (95% con-
fidence limit).

The CMB fluctuation correlation function is defined as
C(e) = {T(n,)T(n,)), where n, * n, = cos a« and C(a) is the
average over all pairs of points in the sky separated by angle .
Using the addition theorem for spherical harmonics, we can
express the limits on the higher order moments in terms of the
power spectra of the coefficients or the correlation function:

1
@ =73 (z | a1 |2>P,(cos )

1 2

=— P

in ; (%‘, [ Dim | ) (cos a) ,

where P(cos a) is the Legendre polynomial of order I. Exclud-
ing components of I = 0 (monopole), | = 1 (dipole) and ! > 20,
we find | C(o) | < 0.01 mK? (95% confidence limit) for the range
15° < a < 165°, corresponding to

<AT(n1) AT(n2)> <10-°
Ty Ty '

Monochromatic limits are those which present a pattern
covering the full sky and are computed from the spherical
harmonic amplitudes in a manner similar to the correlation
function,

1
(AT = = 3 1binl* -

The DMR data provide a limit of AT/T, < 4 x 1075 (95%
confidence limit) for monochromatic effects.

If there are Gaussian fluctuations in the CMB, the pixel-to-
pixel variance observed is the quadrature sum of the receiver
noise and the intrinsic Gaussian fluctuation on the sky:

Uiz = 0':‘2 pMr T agky .
Using the instrument noise per pixel, 02pug , estimated through
differencing the independent maps for each frequency, we
compute the mean intrinsic sky fluctuation, og,,, resulting in
the Gaussian fluctuation limit AT/T, < 4 x 10~ (95% con-
fidence limit).
4. DISCUSSION

The limits reported here relate directly to the large-scale
geometry and dynamics of the universe. The Hubble expansion
of the early universe was uniform to one part in 10,000. The
large-scale geometry of the universe is well described by a
Robertson-Walker metric from the surface of last scattering to
the present. While the limit is very model dependent, we can
conclude that the universe is rotating less than 3 x 10~ 24 rad
s~ 1, or less than 1/10,000 of a turn in the last 10 billion years
(Barrow, Juszkiewicz, & Sonoda 1985; Collins & Hawking
1973). The DMR results place a statistical limit on the possible
energy density of long-wavelength gravity waves which,
expressed as a ratio of the energy density to the critical density,
is Qgw < 0.1(Agw/1 Mpc)~ 2 (Burke 1975). These results imply
that any cosmic strings with angular size 20° or greater must
have mass per unit length u such that Gu/c? <1075 (95%
confidence limit) (Stebbins 1988). The amplitude of density
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fluctuations of material that interacts electromagnetically at
surface of last scattering is limited to Apg/py < 3AT/T, <
10*(95% confidence limit) for angular scales > 7° (Silk 1967,
1968).

These anisotropy results provide new limits on the spectrum
of long-wavelength energy density fluctuations in the early uni-
verse. In particular, the DMR results limit the amplitude of the
scale-invariant energy density fluctuations expected in the
inflationary cosmology to €y <3 x 1075 (95% confidence
limit) (Abbott & Wise 1984; Gorski 1991). This limit generally
holds for all fluctuations that are larger than the horizon size at
the surface of last scattering.

The DMR instrument is expected to continue operating and

PRELIMINARY RESULTS FROM COBE L5

improving the experimental results until it is shut off. At the
end of 2 yr of operation we can expect sensitivities on the order
of AT/Ty =2 x 1075 per 7° field of view, improved cali-
bration, and improved limits on possible systematic effects on
the maps and results.

The National Aeronautics and Space Administration/
Goddard Space Flight Center (NASA/GSFC) is responsible
for the design, development, and operation of the Cosmic
Background Explorer. GSFC is also responsible for the soft-
ware development through to the final processing of the space
data. We gratefully acknowledge the many workers whose con-
tributions ensured the success of the COBE mission.
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