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We report further results from the University of
California at Santa Barbara program to measure
anisotropy in the cosmic background radiation te angular
scales near 1 degree, an angular range corresponding to
the largest scales where structure is observed. A 30 GHz
high electron mcbility transistor amplifier based
detector was coupled to the Advanced Cosmic Microwave
Explorer, a 1 m off axis Gregorian telescope. We present
data that represent 64 of the total of 500 hr acquired
with this system during the 1990-1991 season. The data
have a statistical erroxr of 13.5 _,miK pixel -1. These
are the smallest error bars of any data set of this type
published to date. The data contain a significant signal
with a maximum likelihood deltaT/T ~1 x 10-5, under
the assumption of a Gaussian sky autocorrelation
function at a coherence angle of 1.5 degree. The
spectrum of the signal seen in slightly less than 2
sigma away from the thermal spectrum expected of
primorxrdial fluctuations in the cosmic background
radiation. If the source of the fluctuations is
primordial, then the data are consistent with cold dark
matter scenarios when normalized to the large-scale
anisotropy cbserved by COBE, while if the origin of the
signal is foreground emission or another form of
contaminant then the data are marginally inconsistent
with standard cold dark matter models. In either case,
the data are sufficiently sensitive to provide a crucial
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ABSTRACT

We report further results from the University of California at Santa Barbara program to measure anisot-
ropy in the cosmic background radiation at angular scales near 1°, an angular range corresponding to the
largest scales where structure is observed. A 30 GHz high electron mobility transistor amplifier based detector
was coupled to the Advanced Cosmic Microwave Explorer, a 1 m off axis Gregorian telescope. We present
data that represent 64 of the total of 500 hr acquired with this system during the 1990-1991 season. The data
have a statistical error of 13.5 uK pixel ™!, These are the smallest error bars of any data set of this type
published to date. The data contain a significant signal with a maximum likelihood AT/T =~ 1 x 103, under
the assumption of a Gaussian sky autocorrelation function at a ¢coherence angle of 1°5. The spectrum of the
signal seen in slightly less than 2 ¢ away from the thermal spectrum expected of primordial fluctuations in the
cosmic background radiation. If the source of the fluctuations is primordial, then the data are consistent with
cold dark matter scenarios when normalized to the large-scale anisotropy observed by COBE, while if the
origin of the signal is foreground emission or another form of contaminant then the data are marginally
inconsistent with standard cold dark matier models. In either case, the data are sufficiently sensitive to

provide a crucial test of many models.

Subject headings: cosmology: cosmic microwave background -— large-scale structure of universe

1. INTRODUCTION

The cosmic background radiation (CBR) is one of the best
probes of the universe at z > 1100. Gravitational potential dif-
ferences between regions on the surface of last scattering
separated by more than ~ 1° give rise to temperature fluctua-
tions in the CBR (Sachs & Woife 1967). Smaller angular scales
are inside the Hubble radius at decoupling, and thus are caus-
ally connected. This allows for coherent velocity flows which
give larger CBR Huctuations than those expected at larger
angles. Below 1/ the amplitude is damped due to the thickness
of the surface of last scattering (for example, see Bond et al.
1991, hereafter BELM; or Vittorio & Silk 1992). Published
treatments of CBR anisotropy often describe the theoretically
expected CBR fluctuation distribution using a sky correlation

function:
AT ,, AT
C(9’=<_r @) (92)>,

where cos (@) = §, * §, and AT/T(§;} is the CBR temperature
fluctuation in the direction of the unit vector §; (cf, Wilson &
Silk 1980 or Bond & Efstathiou 1987). While measurements at
a single angular scale are not sufficient to constrain theories,
the sky correlation function can be normalized using other
data, for example the galaxy-galaxy correlation function (cf.
Wright et al. 1992 or BELM), large-scale velocity fields (cf,
Gorski 1992), or to the recent COBE DMR detection (Smoot et
al. 1992).
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2. THE INSTRUMENT

The University of California at Santa Barbara Advanced
Cosmic Microwave Explorer (ACME) is a 1 m off-axis Gre-
gorian telescope and stabilized platform used in a series of
CBR measurements in both balloon-borne and ground-based
configurations. We used the imaging capabilities inherent in a
Gregorian design to obtain a 175 full width at half-maximum
power response (FWHM) beam with very low side lobes. The
ellipsoidal secondary oscillated sinuscidally about the feed
symmetry axis to give a peak to peak throw of the beam on the
sky of 3°. This resylted in maximum sensitivity to sky tem-
perature differences separated by 2°1. The relationship
between the sky temperature and our quoted AT’s is identical
to that in BELM.

We used a cryogenic high electron mobility transistor
(HEMT) amplifier, operating at a center frequency of 30 GHz
and having a 30% bandwidth (Pospieszalski, Gallego, & Laka-
tosh 1990). This wide band, coupled with the very low noise
temperature of 30 K, gives a theoretical noise (with no sky
contribution) of 0.6 mK s~ !. We achieved a noise of | mK s™*
on the sky, including atmospheric noise. The full band was
divided into 4 subbands of equal (2.5 GHz) widths. This
allowed for the widest effective bandwidth and also afforded
some speciral discrimination to distinguish {oreground
sources. The four signals were detected with square-law diodes,
synchronously demodulated, and integrated for 1.25s.

To test system calibration and pointing, data on the moon,
the Large Magellanic Cloud and the Galactic plane were
taken. Daily calibrations were obtained by inserting an
ambient temperature blackbody target into the beam, and the
system calibration was found to be stable to +3% for the
duration of the data gathering period.
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A detailed discussion of the ACME telescope is given in
Meinhold et al. (1993) and many details pertaining to this work
were previously described in Gaier et al. (1992).

3. THE SITE

The Amundsen-Scott South Pole station is one of the best
millimeter-wave observing sites currently available in the
world. Precipitable water was below 1 mm for most of the data
taking period (Schuster et al. 1993). This offered many sections
of continuous high-stability data that were longer than 24 hr.

Observing at a pole also affords a unique geometrical advan-
tage. All data taken at constant elevation, as required by the
need to observe through constant column densities of air, are
also taken at constani declination. Additionally, the Sun
remains approximately fixed with respect to the instrument.
These facts facilitate extremely long integrations by reducing
the normal problems of diurnal variations and eliminating
beam smearing due to sky rotation (for a description of this
effect, see Readhead et al. 1989). Observing continuously over
many days allowed for very sensitive tests of potential system-
atic signals that repeated in azimuth, such as side lobe con-
tamination or systematic effects from the tracking system.

4. OBSERVATION STRATEGY

The scan strategy was similar to that used in previous obser-
vations (e.g, Meinhold & Lubin 1991) and is described in
Gaier et al. (1992). We chose the target coordinates by examin-
ing the 408 MHz map of Haslam et al. and the 100 ym IRAS
map for a region of the sky relatively free from synchrotron
and dust emission. In this region we acquired 500 hr of data.
The data are separated into 8 data sets at six separate ele-
vations and centered on three distinct right ascensions, Each of
these data sets consists of a set of target points at constant
clevation, separated by 2°1. The data presented here consist of
15 sky temperature differences. All are at declination —63°,
and the center of the data set is at 2" right ascension.

For this data set, a single scan was acquired by stepping
consecutively between the 15 target points, integrating for 25 s
each. The following scan moves in the reverse direction. In this
way 526 scans were performed over a period of 64 hr starting
at 14:46 UT on 1991 January 5.

5. DATA REDUCTION

We removed 37% of the data, including measurements made
while the telescope was not pointed at the desired right ascen-
sion and declination, data taken during calibrations, errors in
the beam modulation, and other errors. The data were then
filtered by removing an offsct and a gradient in time across
each scan. An rms and average were calculated for each 25 s
integration, If the ¥? of these averages for a complete scan
exceeded the 99th percentile expected based on the calculated
rms, we rejected the scan, This resulted in removal of 5%—-10%
of the scans, depending on the band. This criterion was used
because any single scan with such a large signal could not be
due to CBR fluctuations and must be contaminated. This is
confirmed by the amplitude of the signal in the final data set.
However, the final result did not depend strongly on how
tightly this cut was applied. For comparison, we also reduced
the data by removing single scans that had a large rms, as has
been done in previous work (Gaier et al. 1992). The results
were consistent with the previous method. The averages,
weighted by their individual variances, were added together,
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Fig. 1.—Sky temperature differences for points separated by 271. {a) Data
from the individual frequency bands. (b) Full band data.

The results at this point are shown in Figure 1a. Data from the
four channels were combined to create the final data set shown
in Figure 1b. These data are tabulated in Table 1. In addition,
Monte Carlo data sets were analyzed in an identical fashion to
verify that the final data points were unbiased. The data were
also reduced in azimuthal and Sun-centered coordinates to
check for systematic effects. By analyzing other data taken at
angles closer to the Sun, we found those target points closer
than 65° to the Sun might have a significant signal from the
Sun, and for this reason we used only the first 13 points of the
scan. Further details of various tests of systematics will be
inciuded in an upcoming publication,

6. ANALYSIS AND RESULTS

To put limits on theoretical models, we use a Bayesian
analysis with a uniform prior. This analysis assumes the prob-
ability distribution of the sky amplitude given the data is the
likelihood:

L =(Q2n) M| M7V exp (-3D,M;;'D), (2)

where the D; are suitably defined final data points and the
information about the model sky, instrument, and scan strat-
egy are contained in the covariance matrix, M. Linear gradient
and offset subtraction were accounted for by using the ampli-
tudes of the best-fit Legendre polynomials, P, through P,,,
for the D, The amplitudes of P, and P,, the constant and
linear functions, were not used because they correspond to the
functions that were fitted out in the data reduction process.

For comparison to other results, we chose to compute limits
using a Gaussian sky correlation function:

62
C(©) = Co exp (— W) ! 3

where @, is the sky coherence angle, and C3/? is the sky rms.
Figure 2 shows the likelihood function at @, = 1?5, and Figure
3 shows the limits and maximum likelihood detection as a
function of ©,. For the rest of this work, all stated limits and
detections are in the context of a Gaussian correlated sky with
Gaussian statistics. Because the beam is assumed to be a
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TABLE 1
&= —63 DaTa SET

CHANNEL [ CHANNEL 2 CHANNEL 3 CHANNEL 4 FuLL Banp

Average s Average ms Average rms Average ms Average Tms
R.A. »K) («K) (1K) (K} wK) {#K) (=K} (#K) (1K) K)
4416 —-194 211 —152 174 26 249 85 29 —162 126
3.85 —8.8 23 —~56 18.1 9.0 26.0 -36.1 24.0 —08 134
3154 —24.1 220 =371 184 -13.2 259 16.2 237 —19.8 13.3
323 84 219 -0.8 18.2 -397 26.5 —434 241 —106 135
293 -36.3 227 255 18.6 140 260 12.5 219 -9.8 13.5
262 —-4.5 223 15.2 18.5 —-14 26.2 -369 238 50 136
2.31 534 223 4.3 184 1.1 26.2 251 234 85 13.3
200 101.0 24.5 76.6 202 40.0 29.2 620 268 511 14.5
1.69 -120 221 -14.1 18.3 —274 26.2 35 239 —-9.0 13.4
1.38 52 222 -~17.2 18.3 —-13 266 13.7 237 ~79 134
107 -7.7 226 -276 183 5.6 259 40.5 23R 5.1 134
077 —6.7 222 —-9.7 183 211 259 —-18.2 24.1 29 13.4
0.46 —492 223 4.6 18.3 =707 26.0 —36.1 242 —40.7 134

L4%

Gaussian, the upper limits to AT/T derived for a Gaussian sky
correlation function will be lower than those for any other
assumed correlation (Silk 1993).

The four channels allowed a limited amount of spectral
analysis. A best-fit signal, assumed to be a power law, T o V¥,
was found to have a spectral index § of —2 + 1.5, —1.75. An
identical analysis was applied to points 7 and 8, where most of
the detected signal lies. The remaining 11 points defined a
baseline, which we subtracted. This yiclded an index of
—2.5 + 1.3, —1.5. A thermal spectrum, expected for most CBR
anisotropies, would have an index of 0 if the effects of changing
beam size with increasing frequency are ignored. These effects
are expected to increase the index of a thermal signal for most
expected sky correlation functions.

7. DISCUSSION

Under the assumption that all of the signal is CBR
anisotropy, the data yield a 95% confidence upper limit of
AT/T < 1.6 x 107%, This is consistent with the previously
published limit of AT/T < 1.4 x 107 of Gaier et al. (1992),
The maximum likelihood detection at AT/T = 8.6 x 1079 at
1°5 is consistent with standard cold dark matter (CDM)
models that are normalized at larger angles by the COBE
DMR detection. Such scenarios (with Hy = 50, Qp = 0.05 and
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FiG. 2—Likelihood for the full band data, normalized to the maximum
value. Assumes a Gaussian correlated sky with a 125 cohierence angle.

n = 1) predict anisotropy in our beam of AT/T ~ 1 x 1073
(Bond 1992).

The spectrum of the measured signal is unlike a CBR signal,
but the data do not rule out a CBR detection at better than 2 .
If we knew a priori that points 7 and 8 were contaminated
(which we do not) and therefore remove them from the data
set, a very restrictive upper limit of 8 x 10~ is set. This upper
limit would place stringent limits on most standard recombi-
nation CDM models,

8. CONCLUSION

We have presented further results of data taken at the
Amundsen-Scott South Pole station, Using the high sensitivity
of a HEMT ampilifier and the long integration times available
for Antarctic observations, we obtained an extremely sensitive
data set. The 13 data points we present here set an upper limit
of AT/T < 1.6 x 107% This is consistent with previously
published results from this expedition. The data show a clear
detection at the level of 8.6 x 1075 a value consistent with
CDM theories. However, identification of the source of the
signal is not possible on the basis of the measured spectrum.
The spectrum is more consistent with emission from electrons
via freedree or synchrotron processes than it is with a CBR
signal. If points 7 and 8 are hypothesized to be contaminated,
and therefore removed, the result is an upper limit of
AT/T <8 x 1075,

Because we are close to being able to distinguish between the
aforementioned possibilities, more data are needed, and we
plan a return to the South Pole in late 1993. Work is also
continuing to analyze the entire data set in the context of
structure formation theories,

We would like to thank D. Bond, J. Silk, N. Vittorio, K.
Gorski, and M. White for useful comments regarding the
analysis process. Special thanks go out to M. Pospieszalski and
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physics. The assistance we received from B, Coughran and the
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