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ABSTRACT

The first year of data from the Differential Microwave Radiometers (DMR) on the Cosmic Backgoround
Explorer (COBE) show statistically significant (>7 o) structure that is well described as scale-invariant fluctua-
tions with a Gaussian distribution. The major portion of the observed structure cannot be attributed to
known systematic errors in the instrument, artifacts generated in the data processing, or known Galactic emis-
sion. The structure is consistent with a thermal spectrum at 31, 53, and 90 GHz as expected for cosmic micro-

wave background anisotropy.

The rms sky variation, smoothed to a total 10° FWHM Gaussian, is 30 + 5 uK (AT/T = 11 x 1079) for
Galactic latitude |b| > 20° data with the dipole anisotro

13+ 4 uK (AT/T =~ 5 x 107%). The angular autocorre
cross-correlation between channels are consistent and g
index n = 1.1 + 0.5, and an rms-quadrupole-normalize

py removed. The rms cosmic quadrupole amplitude is
lation of the signal in each radiometer channel and
ive a primordial fluctuation power-law spectrum with
d amplitude of 16 + 4 uK (AT/T ~ 6 x 107%). These

features are in accord with the Harrison-Zel’dovich (scale-invariant, n = 1) spectrum predicted by models of
inflationary cosmology. The low overall fluctuation amplitude is consistent with theoretical predictions of the
minimal level gravitational potential variations that would give rise to the observed present day structure.

Subject headings: cosmic microwave background — cosmology: observations

1. INTRODUCTION

The 2.73 K cosmic microwave background (CMB) is one of
the most effective probes of the early universe. On large
angular scales the CMB contains imprints of the primordial
gravitational potential fluctuations (Sachs & Wolfe 1967)
thought to be the origin of large-scale structure in the universe.
The COBE DMR instrument, described by Smoot et al. (1990),
is designed to measure the large-angular—scale anisotropy of
the CMB. The instrument operates at three frequencies: 31.5,
53, and 90 GHz (wavelengths 9.5, 5.7, and 3.3 mm), chosen to
be near the minimum in Galactic emission and near the CMB
maximum. There are two nearly independent channels, A and
B, at each frequency. The orbit and pointing of COBE result in
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a complete survey of the sky every 6 months while shielding the
DMR from terrestrial and solar radiation (Boggess et al. 1992).
Smoot et al. (1991) present preliminary results based on 6
months of data and Bennett et al. (1992a) describe the cali-
bration procedures. This Letter describes results based upon
the first year of DMR data. Companion papers discuss the
treatment of systematic errors (Kogut et al. 1992), discuss the
separation of cosmic and Galactic signals (Bennett et al.
1992b), and compare these data to other measurements and to
models of structure formation through gravitational instability
(Wright et al. 1992). These new results are consistent with, and
substantially more sensitive than, the previously published
large-angular-scale anisotropy measurements, in particular
those of Princeton (Fixsen et al. 1983), Berkeley (Lubin et al.
1985), Relikt (Klypin et al. 1987), DMR preliminary results
(Smoot et al. 1991), and Meyer, Page, & Cheng (1991).

2. DATA PROCESSING AND ANALYSIS

The DMR measures the difference in antenna temperature
between regions of the sky separated by 60°. A baseline is
subtracted for each radiometer channel and the data are con-
verted from telemetry units to antenna temperature. We reject
data taken when the Earth is 1° below the Sun/Earth shield or
higher (5.0% of data), when the Moon is within 25° of an
antenna beam center (6.6% of data), when any datum deviates
from the daily mean by more than 5 ¢ (<0.001% of data), or
when the spacecraft telemetry or attitude solution is of poor
quality (1.5% of data). The remaining data are corrected for
emission from the Moon and J upiter, the Doppler effect of the
spacecraft velocity about the Earth and the Earth motion
about the solar system barycenter, and the instrument suscep-
tibility to the Earth’s magnetic field. A least-squares mini-
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mization is used to fit the data to spherical harmonic
expansions and to make sky maps with 6144 nearly equal area
pixels using a sparse matrix technique (Torres et al. 1989;
Janssen & Gulkis 1992).

We have searched the DMR time-ordered data and maps for

evidence of systematic artifacts (Kogut et al. 1992). The largest
such effect is the instrument response to an external magnetic
field, which is modeled as a linear function of the Earth’s field
and the radiometer orientation. A least-squares minimization
is used to fit simultaneously the sky temperature distribution
and the instrument magnetic response. The magnetic correc-
tions are on the scale of 10-100 pK in the time-ordered data.
Residual errors in the individual radiometer channel maps,
after correction, are typically 2 uK and never more than 8.5
uK.
Data binned by the position of the Earth relative to the
spacecraft show no evidence for Earth emission at the noise
limit (47 uK at 95% CL). The estimated Earth emission in the
maps is less than 2 pK. The time-ordered data with antenna
beam centers more than 25° away from the Moon are cor-
rected to an estimated accuracy of 10% (4 uK). The estimated
residual effect on the maps is less than 1 uK.

Kogut et al. list upper limits for the effects of variations in
calibration and instrument baselines, solar and solar system
emissions, RF], and data analysis errors. The quadrature sum
of all systematic uncertainties in a typical map, after correc-
tions, is less than 8.5 pK for rms sky fluctuations, less than 3
pK for the quadrupole and higher order multipole moments,
and less than 30 uK? for the correlation function (all limits
95% CL). These limits represent a factor of 20 improvement
over our previous upper limits (Smoot et al. 1991).

3. RESULTS

The DMR maps are dominated by two features: a dipole
anisotropy and the emission from the Galactic plane. The
dipole anisotropy (AT/T = 1073) is seen consistently in all
channels with a thermodynamic temperature amplitude
3.36 + 0.1 mK in the direction | = 264.7 + 0.8, b =482+ 0.5.
Motion of an observer with respect to the CMB (a blackbody
radiation field) produces a dipole anisotropy. We assume that
the entire observed dipole results from our peculiar velocity
and remove from the maps the dipole and the ~1.3 uK-rms
kinematic quadrupole produced by the second-order Doppler
effect.

The corrected maps show no obvious features away from the
Galactic plane. The 226 pixel signal distribution roughly agrees
with the expected instrument noise (= 150 uK). No 7° region
varies from the mean by more than 210 puK (AT/
T ~ 8 x 10~%). Detection of additional features, other than
receiver noise and the Galaxy, requires careful statistical
analysis and/or averaging over larger angles.

3.1. Structure in the Maps

Figure 1 (Plates L1-L3) shows the 31, 53, and 90 GHz
maps as smoothed with a Gaussian of 7° FWHM, which when
convolved with the approximate 7° FWHM antenna beam,
results in a 10° smoothing on the sky. The observed variance of
the maps is the quadrature sum of the instrument noise and the
intrinsic fluctuations on the sky:

2 _ 2 2
Oobs = ODMR T Osky -

The two-channel (A + B)/2 sum maps provide an estimate of
02, and the channel (A — B)/2 difference maps provide an esti-
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TABLE 1

MaP RMS? AT 10° SMOOTHING FOR VARI0US GALACTIC CUTS
|b| > x° IN MICROKELVINS

Tobs OpMR
(A + B)/2 (A — B)/2

|b| > x° 0,,(10°)
3 WUTUT 10 133 94 95+6
3 WUTRTT 20 101 96 3378,
3 30 97 95 20+2}
£ TR 40 101 9 30112
53 i 10 55 36 4174
53 e 20 46 35 30+
53 it 30 47 36 3073
53 i 40 47 36 3013
90 .o 10 69 59 356
T 20 65 61 27,
90 e 30 67 60 29*7
90 e 40 67 59 3177
RG ..ccoonnnn 10 67 59 31%]
RG ..coonn.. 20 65 59 27+7,
RG oo 30 67 61 27+,
RG ..o 40 68 62 28+7,

» Uncertainties are 68% CL and include systematic effects.

mate of o3y (Table 1) yielding o,(10°) = 30 &+ 5 uK for
|b| > 20°.

All six channels show a statistically significant quadrupole
signal. A comparison of the fitted quadrupoles between chan-
nels and frequencies, and between the first and second 6
months of data, shows that individual quadrupole com-
ponents, Q;, typically differ from map to map by ~10 pK with
comparable uncertainty. The x* for 5 degrees of freedom
ranged from one to 11 in various comparisons, corresponding
to confidence levels ranging from 97% to 5% for agreement.
Table 2 shows the frequency dependence of the quadrupole
components. The large-scale Galactic emission away from the
Galactic plane is predominantly quadrupolar. In Galactic
coordinates, Q, aligns very well, although with opposite sign,
with a cosecant (] b|) signal. Contamination by Galactic emis-
sion is evident from the systematic decrease of Q, with increas-
ing Galactic latitude cut angle. Q4 is the quadrupole
component next most aligned with features of Galactic emis-
sion. Determination of the cosmic quadrupole is linked to its
separation from Galactic emission (Bennett et al. 1992b). The
best estimated cosmic signal has amplitude Q,,s = 13 + 4 pK,
corresponding to AT/T =5 x 10~ °, which is more than 100
times smaller than the dipole.

The correlation function, C(a) = {T,T,), which is the
average product of temperatures separated by angle a, pro-
vides further evidence of the structure. C(«) is calculated for
each map by rejecting all pixels with Galactic latitude
|b| < 20°, removing the mean, dipole, and quadrupole from
the remaining pixels, multiplying all possible pixel pair tem-
peratures, and averaging the results into 2°6 bins. Sample cross
correlation functions shown in Figures 2 and 3 have a 2%6
binning angle, 226 map pixelization, a 123 smearing due to the
0.5 s instrument sampling time and 3° rms DMR beam profile.
When combined these produce an effective 322 rms Gaussian
smoothing. The observed correlation functions exhibit struc-
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TABLE 2
QUADRUPOLE THERMODYNAMIC AMPLITUDE IN MICROKELVINS®
v bew Qs 9, 0, 0, 0. 05
31......... 10° 66 + 8 —141 + 16 27 + 12 -4+ 12 21+ 14 2+ 14
31 ......... 20 26 +9 —41 + 20 10 + 12 -6+ 11 23 + 17 19+19
k) 30 25+ 13 —30+25 3+12 —4+13 40 + +24
53 ...l 10 19+3 —35+6 19+5 8+4 1+6 8+5
53 ... 20 11+3 -9+7 14+5 8+5 10+7 3+7
S3 ... 30 11+4 3+6 12+ 6 8+5 14 +8 3+10
9 ......... 10 17+ 4 —-25+4+9 16+ 6 16+5 9+6 6+8
90 ......... 20 14+4 5+8 12+ 6 16 +5 16 +9 3+7
90 ......... 30 15+5 13+10 11+6 18+5 17+ 14 4+9
RG........ 10 13+4 11+9 16 + 8 15+9 -24+9 4+8
RG........ 20 13+5 11+ 10 16 + 8 16 + 10 8+ 10 -3+9
RG........ 30 15+6 18 + 13 16 +9 18 +12 6+ 12 3+14

* Uncertainties are 68% CL and include systematic effects. The Q; are the peak values for each

component

of the quadrupole, Q(, b). Q(, b)= 0,3 sin?b — 1)/2 + Q, sin 2b cos | + Q5 sin 2b
sin [ + Qg cos® b sin 2. Q2 = 4/15[(3/4)0% + Q2 + Q2 + Q2 + 02)]. The Q; are corrected for the
Doppler effect which is aligned with the dipole and have amplitudes of ~2 uK.

ture on all scales from the beam size (7°) to the quadrupole
(90°) and differ significantly (>7 o) from the flat correlation
function due to receiver noise alone, e.g., the (A — B)/2 maps
correlation function.

3.2. Galactic Emission

The chosen observing frequencies give an optimal and large
ratio between CMB and Galactic emission. Nevertheless, at
these sensitivities Galactic emission is a significant concern and
must be understood before one can make cosmological inter-
pretations (Bennett et al. 1992b). A summary of the Galactic
emission contribution follows.

Galactic emission antenna temperature is dominated by
three components: synchrotron emission ocv™ 275 free-free
emission ocv™>! and dust emission ocv!-5, as shown in Figure

1 of Bennett et al. (1992b). The detected signals expressed in
thermodynamic temperature are nearly constant amplitude:
10° sky-rms oc v~%3*! and quadrupole and correlation func-
tion ocv~%2%! The flat spectral index of our results, without
correction for Galactic emissions, is consistent with a cosmic
origin and inconsistent with an origin from a single Galactic
component. While we cannot rule out a correlated super-
position of dust, synchrotron, and free-free emission, it would
require significantly different spatial distributions at high
Galactic latitudes than previously known. Bennett et al.
(1992b) find this unlikely.

The correlation function (Fig. 2) and rms sky fluctuation
(Table 1) are independent of Galactic latitude cut angle after
excluding the Galactic plane region. The results are affected
significantly when the |b| < 10° region is included, but are

1500 T T T T T T T T
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FiG. 2—Correlation functions, C(«), at various Galactic latitude cuts for the 53 GHz map with mean, dipole, and quadrupole removed, demonstrating near

independence of Galactic latitude cuts beyond |b| > 20°.
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F1G. 3.—Cross-correlation of 53 GHz with 90 GHz for |b| > 20° plus the correlation function for a scale-invariant spectrum with an expected quadrupole

amplitude of 15.4 uK: the gray band indicates 68% C.L. cosmic variations.
autocorrelations for the various combination of maps all have consistent values.

stable for cuts |b| > 15° for 53 and 90 GHz. The 31.5 GHz
data show measurable effects to |b| ~ 30°. Cross-correlations
for | b| > 20° of the 19 GHz map (Boughn et al. 1992) with the
53A + B map and of the FIRAS dust map (Wright et al. 1991)
with the 90A + B map indicate that scaling of Galactic signals
would account for ~10% of the structure in the maps. Remo-
ving the estimated Galactic emission causes no significant
change in our results for | b| > 20°, as expected from the cross-
correlation results.

Since Galactic emission is weak at high latitudes, for statistic
analysis we construct a map from the six DMR channels
designed to compromise between significantly Reduced Galac-
tic (RG) emission and minimum noise:

RG map = —0.440 x 31 GHz map + 1.030 x 53 GHz map
+0.564 x 90 GHz map .

The resultant map is in units of Planck brightness temperature
and has residual free-free and synchrotron emission well below
the observed structure for |b| > 20°. The fitted dipole ampli-
tude and direction is essentially identical to the weighted
average of all the channels. The rms sky variation, quadrupole,
and correlation functions for the “ Reduced Galaxy” map are
consistent with those from the 53 and 90 GHz maps for the
Galactic latitude cuts | b| > 20° (Tables 1 and 2).

4. DISCUSSION

The COBE DMR maps show structure with characteristic
anisotropy of AT/T ~ 6 x 10~. The structure is larger and of
a different character than all identified systematic errors. A
critical issue is whether the structure is due to Galactic or

Top is for the sum maps, and bottom is for the difference maps. The cross and

extragalactic emissions or is in the cosmic microwave back-
ground. Although one cannot rule out a heretofore undis-
covered Galactic or extragalactic emission, the Galactic or
discrete extragalactic origin of the measured anisotropy would
require an unlikely confluence of factors. It would require the
source of anisotropy to mimic a thermal spectrum and, if
Galactic, not have the spatial distribution associated with
known components of the Galaxy. Discrete extragalactic
sources individually contribute less than 2 yK in the DMR
beam and the expected temperature variations are less than 1
uK (Franceschini et al. 1989). The most economical hypothesis
is to attribute the structure to the microwave background.

Interpreted as CMB anisotropy, these results test inflation-
ary models of cosmology (Guth 1981; Linde 1982; Albrecht &
Steinhardt 1982), which predict a nearly scale-invariant spec-
trum of density perturbations (Bardeen, Steinhardt, & Turner
1983; Guth & Pi 1982; Hawking 1982; Starobinskii 1982).
They also test gravitational instability models of structure for-
mation (e.g., Bond & Efstathiou 1987; Holtzman 1989). The
measured correlation function determines the parameters of
the fluctuation power spectrum. A power-law primordial
density fluctuation spectrum of the form P(k) = Ak" is equiva-
lent to a CMB temperature anisotropy spectrum for the rms
difference in temperatures separated by angle 6 of the approx-
imate form AT, oc 8~ "2 The scale-invariant value n = 1
gives a CMB temperature fluctuation spectrum that is approx-
imately independent of the separation angle for angles larger
than the beam size. The correlation function is

Cl@)= Y, AT? W(l)*P[cos (1] ,

1>2
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where a 322 rms Gaussian beam gives a weighting
W(l) = exp {—1/2[I( + 1)/17.8*]} and

1
AT} =2 lay [’

are the rotationally invariant rms multipole moments. The pre-
dicted moments, as a function of spectral index n, are given by
(Bond & Efstathiou 1987; we adjust the formula for the corre-
lation function variance by a factor of 2):

@1+ 1) T + (n — 1)/2]T[O — n)/2]
5 T+ G—n2ITIG +n)2]

<AT12> = (Qrms—l’s)2

O:ms-ps 18 the Q. predicted by the measured higher order
moments of the power spectrum when a power law is assumed.
The best-fitted values correspond to n=1.1+0.5 and
Q:ms—ps = 16 + 4 uK. Forcing the spectral index ton = 1 gives
Oims—ps = 16.7 + 4 uK and increases the y2 from 79 to 81 for
68 degrees of freedom.

If the observed structures result from a power-law spectrum
of primordial fluctuations with a Gaussian distribution, the
AT} in each horizon have a 2 distribution of 2/ + 1 degrees of
freedom, giving a cosmic variance of 2(AT?>2/(2l + 1). Includ-
ing the cosmic variance results in best-fitted values n =
1.1570:83 and Qg _ps = 163 + 4.6 uK with a y2 of 53. Figure
3 shows the cross-correlation of the 53 and 90 GHz maps,
along with the predicted shape for the best-fitted scale-
invariant spectrum. Including cosmic variance, our data are
consistent with power-law spectra in the range n = 1 + 0.6 and
Qrms—PS =17 i- 5 ,UK.

The observed cosmic quadrupole (Q,,, =13 +4 uK) is
slightly below the mean value predicted by the higher order
moments (@, —ps = 16 + 4 pK). This is a likely consequence
of cosmic variance: the mode of the y2 distribution is lower
than the mean. A quadrupole value of 13 uK or lower would be
expected to occur 35% of the time. The observed quadrupole
has some uncertainty in its corrections for Galactic emissions,
the Doppler shift, and its particular systematic errors (eg., a
pointing error can modulate the dipole anisotropy into a small
quadrupole). The results above exclude the quadrupole from
the maps before computing C(x). Including the quadrupole

STRUCTURE IN COBE DMR FIRST YEAR MAPS L5

increases n and the x* and decreases Q, ., _ps to typical values
ofn=15and Q,,_ps = 14 K.

The measured parameters—the rms fluctuations on a 10°
scale, 0,(10°), the rms quadrupole amplitude, Q,,.., and the
correlation function and its derivatives: the spectral index,
n, and quadrupole-normalized power-law amplitude,
O:ms—ps—are consistent with a Harrison-Zel'dovich (scale-
invariant) spectrum of perturbations, which predicts Qs =
(128:2)Q ms —ps and 6,4,,(10°) = (2.0 + 0.2)0, .. _ps. The theoreti-
cal 68% CL errors take into account the cosmic variance due
to the statistical fluctuations in perturbations for our observa-
ble portion of the universe. The minimum Q. for models with
an initial Harrison-Zel'dovich perturbations, normalized to
the local large-scale galaxy streaming velocities, is predicted to
be 12 uK, independent of the Hubble constant and the nature
of dark matter (Gorski 1991; Schaefer 1991).

These observations are consistent with inflationary cosmol-
ogy models. The natural interpretation of the DMR signal is
the observation of very large (presently > 100 Mpc) structures
in the universe which are little changed from their primordial
state (t < 1 s). These structures are part of a power-law spec-
trum of small amplitude gravitational potential fluctuations
which on smaller length scales are sources of the large-scale
structure in the universe as observed today. The accompanying
paper by Wright et al. (1992) interprets the DMR data’s con-
straints on gravitational instability theories.

The COBE DMR instrument continues to operate well and
has completed its second year of observations. New data and
continuing analysis are expected to improve our sensitivity to
structure in the maps. If this structure is CMB anisotropy and
the spectrum is scale free, then several experiments are within a
factor of 2 of detecting anisotropy and a new branch of
astronomy has commenced.

The COBE DMR results originate in the excellent work by
the staff of the COBE Project and the support of the Office of
Space Sciences and Applications of NASA Headquarters. We
thank those engineers and others who helped design and build
the DMR instrument and operate the satellite. We also thank
the data analysts who provided the attitude and other space-
craft information, including A. Banday, V. Kumar, R. Kum-
merer, and J. Santana.
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