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ABSTRACT

We present results from a four-frequency observation of a 6° x 0°6 strip of the sky centered near the star
Gamma Ursae Minoris (GUM) during the fourth flight of the Millimeter-wave Anisotropy eXperiment
(MAX). The observation was made with a 1°4 peak-to-peak sinusoidal chop in all bands. The FWHM beam
sizes were 0755 + 0205 at 3.5 cm ! and 0°75 + 0°05 at 6, 9, and 14 cm ™ L. During this observation significant
correlated structure was observed at 3.5, 6 and 9 cm ™! with amplitudes similar to those observed in the GUM
region during the second and third flights of MAX. The frequency spectrum is consistent with cosmic micro-
wave background (CMB) and inconsistent with thermal emission from interstellar dust. The extrapolated
amplitudes of synchrotron and free-free emission are too small to account for the amplitude of the observed
structure. If all of the structure is attributed to CMB anisotropy with a Gaussian autocorrelation function and
a coherence angle of 25, then the most probable values of AT/Tg in the 3.5, 6, and 9 cm~! bands are
43717 x 107°,2.8*%3 x 1075, and 3.5%}:2 x 10~% (95% confidence upper and lower limits), respectively.

Subject headings: cosmic microwave background — cosmology: observations

1. INTRODUCTION

Measurements of the anisotropy of the cosmic microwave
background (CMB) provide an effective method for testing and
constraining models of cosmic structure formation. The
. Cosmic Background Explorer (COBE) has detected anisotropy
at large angular scales (> 5°) (Smoot et al. 1992). Anisotropy
measurements on medium angular scales constrain models of
large-scale structure formation and the values of certain global
parameters in cosmic evolution models (Bond et al. 1991; Vit-
torio et al. 1991). More powerful tests of cosmological models
are possible when these measurements are combined with the
measurements from COBE.

There has been a concerted recent effort to measure
medium-scale anisotropy (Fischer et al. 1992; Gaier et al. 1992;
Schuster et al. 1993; Meinhold et al. 1993a; Wollack et al.
1993, Cheng et al. 1994, de Bernardis et al. 1994). The result of
CMB observations centered near the star Gamma Ursae
Minoris (GUM) during the second and third flights of the
Millimeter-wave Anisotropy eXperiment (MAX) were reported
in Alsop et al. (1992) and Gundersen et al. (1993). We report
here on a third CMB observation near GUM that occurred
during the fourth flight of MAX.

2. INSTRUMENT

The instrument has been described in detail elsewhere
(Fischer et al. 1992; Alsop et al. 1992; Meinhold et al. 1993b). It
consists of an off-axis Gregorian telescope and a bolometric
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photometer mounted on an attitude-controlled balloon plat-
form which attains altitudes of 36 km. The telescope hasa 1 m
off-axis parabolic primary with a nutating elliptical secondary
which modulates the beam sinusoidally in azimuth at 5.4 Hz
with a peak-to-peak throw of 1°4. A new single-pixel, four-
band bolometric receiver was used for this flight. It features
greatly reduced sensitivity to radio frequency (RF) interference,
an additional 3.5 cm™! band, and an adiabatic demagne-
tization refrigerator to cool the bolometric photometer to 85
mK. The underfilled optics provide a 0°55 + 0°05 FWHM
beam in the single-mode 3.5 em™! band and 0°75 + 0°05
FWHM beams in the multimode 6, 9, and 14 cm ~! bands. The
bandwidths are dv/v =057, 045, 0.35, and 0.25 FWHM,
respectively. In order to convert antenna temperature mea-
sured in the 3.5, 6, 9, and 14 cm ™! bands to a 2.73 K thermo-
dynamic temperature, one must multiply the antenna tem-
peratures by 1.54, 247, 6.18, and 34.1, respectively.

3. OBSERVATION

The instrument was launched from the National Scientific
Balloon Facility in Palestine, TX at 2.5 UT 1993 June 15. CMB
observations were made in three regions of the sky. The one
reported here was made in a region near GUM « = 15%20™7,
6 = 71°50" (epoch 1993). The other two scans are reported in
Clapp et al. (1994). The complete GUM scan lasted for 0.88 hr
between UT = 5.97 hr and UT = 6.85 hr 1993 June 15. Cali-
brations were made before and after the observation using the
membrane transfer standard described in Fischer et al. (1992).
Scans of Jupiter were made between UT = 5.08 hr and
UT = 5.33 hr to measure the beam size and to confirm the
calibration. Using the best-fit beam size, the derived tem-
perature of Jupiter in each of the bands using the membrane
calibration agrees with spectrum of Jupiter from Griffen et al.
(1986) to within 10%. Therefore, we assume a 10% uncertainty
in calibration. The instrument is calibrated so that a chopped
beam centered between sky regions with temperatures T; and
T, would yield AT = T; — T,. CMB observations consisted of
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constant velocity scans in azimuth of +3°0 on the sky while
tracking GUM. A complete scan from 3° to —3° and back to
3°required 108 s.

4. DATA REDUCTION AND ANALYSIS

Transients due to cosmic rays were removed using an algo-
rithm described in Alsop et al. (1992). This excluded 15%-20%
of the data. The detector output was demodulated using the
sinusoidal reference from the nutating secondary to produce
antenna temperature differences, AT,, on the sky. Data sets
were produced that are in phase with the optical signal {optical
phase) and 90° out of phase. The noise averaged over the entire
GUM observation gives effective sensitivities of 631, 512, 792,
and 2954 pK s'/? in CMB thermodynamic units in the 3.5, 6, 9,
and 14 cm ™! bands, respectively.

The signal in each band is significantly offset from zero. The
average of the measured instrumental offsets in antenna tem-
perature were 4.1, 1.1, 1.0, and 1.0 mK in the 3.5, 6.9, and 14
c¢m ™! bands. Tests done during the third flight of MAX, where
a temperature gradient was driven across the primary mirror,
indicate that the instrumental offset is primarily due to emis-
sion from the primary mirror. Variations were observed in the
offsets in the 9 and 14 cm ™! bands with a peak-to-peak ampli-
tude of 0.2 to 0.3 mK on timescales of approximately 300 s.
These offset variations are consistent with variations observed
in previous flights and are attributed to atmospheric emission
which increases rapidly with frequency. The offset in the 6
cm ™~ ! band varied with a peak-to-peak amplitude of 0.2 mK on
timescales of approximately 150 s due to a malfunction of the 6
c¢m ™! amplifier. No offset drift was observed in the 3.5 cm ™!
band. The offset and offset drifts were removed by performing
a linear least-squares fit to each half-scan from 3° to —3° and
from — 3° to 3° in each of the bands. This removes any gradient
in the astrophysical signal. The effect of this procedure was to
greatly reduce the noise in the 6, 9, and 14 cm ™! bands. The
reduction in the rms amplitude of the signals in these bands
was consistent with the reduction in the noise. The procedure
had no effect on the noise or rms amplitude in the 3 cm™*!
band.

The means, variances, and 1 ¢ error bars of the antenna
temperature differences were calculated for 63 pixels with
approximately equal area separated by 17’ in azimuth. The 63
pixels were formed by dividing the data set into three roughly
equal time periods and producing a 21 pixel azimuthal scan for
each period. This is done to minimize the effect of sky rotation.
A map containing all pixel positions, means, and error bars is
available from the authors. All of the analysis described here
will refer to the 63 pixel data set. Most of the essential features
of the data are apparent in Figure 1, which shows the first two
of the three time periods (which have significant spatial
overlap) averaged into 21 pixels in azimuth. First, there is sta-
tistically significant structure in the 3.5, 6, 9 and 14 cm ™!
bands. Values of the rms AT, obtained from the square root of
the difference between the variance of the 63 pixel means and
the variance due to detector noise are 81 + 16,28 + 6, 10 + 4,
and 9 £+ 3 K for the 3.5, 6,9, and 14 cm ! bands, respectively.
The error on each rms includes a 1 o statistical error and a
+10% estimate for the uncertainty in the absolute calibration.
The probability of reproducing the measured rms with Gauss-
ian random noise is negligibly small at 3.5 and 6 cm™!,
3x1072at9%cm !, and 6 x 10~ *at 14 cm ™!, By comparison,
the probability for the 90° out-of-phase data is 0.86, 6 x 1072,
0.37, and 0.57, respectively. Second, the data at 3.5, 6, and 9
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Fic. 1.—Antenna temperature differences (11 o) for 30 minutes of data
near GUM. Each point is separated by 17’ in azimuth.

cm ™! are significantly correlated with each other, but not with
the data at 14 cm™!. Third and last, the amplitude of the
structure as measured in antenna temperature decreases with
increasing frequency.

In order to test the hypothesis that the structure in the 3.5, 6,
and 9 cm ™! bands is correlated, a best-fit model was deter-
mined by minimizing

(=3
W

M

(x;; — ajyi)z/aizj - 1)
1

XR=
J
Here x;; and a;; are the measured means and variances of the
63 pixels, y; represents the best-fit sky model, and a; denotes
the best-fit model scale factors for the 3.5, 6, and 9 cm ™ * bands.
Three-band fits were made using data for the 3.5,6,and 9 cm !
bands. In addition, two-band fits were made using data from
various pairs of bands. The probability of exceeding the
residual 2 for each of the fits is given in column (2) of Table 1.
In the case of the three-band fit, the probability is 0.43, indicat-
ing that essentially all of the signal in excess of noise in the
three bands is correlated and consistent with a single source of
emission. The fits of the 3.5, 6 and 9 cm ™! bands to the 14
cm™! band yield probabilities of <0.02, indicating that the
signal in excess of noise in the 14 cm ™! band is not correlated
to the others. Analysis of the 14 cm ™! signal shows that it is
time variable and may to be due to emission from the atmo-
sphere or possibly to sidelobe response. As discussed below, no
significant time variability was observed at lower frequencies..
Table 1 also lists ratios of best-fit scale factors for various fits
and compares them to models of sky emission. This compari-
son is complicated by the 0°55 FWHM size of the beam in the
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TABLE 1

RATIOS OF THE BEST-FIT MODEL SCALE FACTORS FOR PAIRS OF BANDS COMPARED WITH RaTios COMPUTED
FROM VARIOUS THEORETICAL MODELS OF EMISSION

Scale CMB Free-Free
Band Factor CMB Unresolved Unresolved
Ratio Probability Ratios® CMB® CDM® Source Free-Free® Source
0y 2 €] @ %) ©) G)] @®
6/3.5“} 043 { 0.37 + 0.09 0.62 0.50 0.34¢ 0.38 0.20°
9/3.54f "t : 0.17 £ 0.04 0.25 0.20 0.13¢ 0.16 0.08¢
6/3.5 eeeen..... 0.13 0.39 + 0.10 0.62 0.50 0.34¢ 0.38 0.20¢
9/3.5 eeeen.n... 0.90 0.17 4 0.05 025 0.20 0.13¢ 0.16 0.08¢
9/65 .iiennns 0.51 040 1 0.14 0.40 040 0.40 042 0.42

* Ratio of antenna temperatures. Best-fit ratio of + 1 ¢ error. This includes a 10% calibration error.

* Ratios calculated with no beam size correction.

¢ Ratios calculated using cold dark matter (CDM) model with Q; = 0.03 and h = 0.5.

¢ Three-band fit.
¢ Point-source response. This is considered a lower limit.
f Two-band fit.

3.5 cm ™! band, compared with the 0275 FWHM beam in the
other bands. The observed spectrum will depend on both
the spectrum of the emission and the angular distribution of
the emission. Because the beam chop and scan is only in one
dimension, a simple smoothing of the 3.5 cm~! band to
broaden its response to 0275 FWHM is not valid. The observa-
tions can be compared with any model source spectrum given
an assumption about the angular distribution. Such compari-
sons are summarized in columns (4)—(8) of Table 1. Fourier
analysis of the angular distribution of the signal in the 3.5
cm ™! band indicates that much of the power of the signal is on
angular scales smaller than the beam.

5. POTENTIAL SYSTEMATIC ERRORS

All anisotropy experiments are potentially susceptible to off-
axis response from a variety of sources, including the Sun, the
Moon, Earth, the balloon, and the Galactic plane. The
unchopped off-axis response has been measured in the 3.5
cm ™! band to be >65 dB below the on-axis response at angles
from 13° to 35° in elevation below the boresight. No compara-
bly deep measurements have been made of the chopped side-
lobe response in azimuth. The Sun and Moon were both below
the horizon. The elevation angle varied from 48°5 to 46°6, and
the azimuthal position of the center of the scan varied from
34728 to 34373. Since the data set is divided into three roughly
equal time periods, the elevation and azimuth of the center of
the scan change by approximately 1° in each period. When the
first two time periods, which overlap closely in sky coverage,
are examined, no significant change in the amplitude or
angular distribution of the signal is seen. This implies that the
signal remained fixed while the source of any sidelobe contami-
nation has moved the equivalent of 7 pixels in Figure 1.

Baffles have been used in each flight of the MAX experiment
to minimize the off-axis response of the instrument. The design
of the baffles was modified for this flight to ensure that there
was no direct or reflected emission from Earth that could
directly illuminate the optical system. The spectrum of the
signal provides a strong constraint against sidelobe response.
A sidelobe response resulting from reflections would result in a
constant amplitude antenna temperature from the Earth and
amplitude rising as v from the balloon. In order to provide the
observed spectrum, emission from Earth (or the balloon) which
is diffracted into the beam must undergo at least two (or four)
diffractions.

This region of the sky has been observed three times each
with substantially altered baffles and, in this observation, with
different beam sizes. The elevation of GUM was about 30°, 49°,
and 44° in first, second, and third observations, respectively. In
each case a similar amplitude signal was observed with a spec-
trum consistent with CMB. It is unlikely that sidelobe con-
tamination would be reproducible at this level under such
drastically changed observing conditions.

6. GALACTIC AND EXTRAGALACTIC EMISSION

Potential Galactic and extragalactic sources of confusion
include interstellar dust emission, synchrotron radiation, and
free-free emission. At 6, 9, and 14 ¢cm™?, the predominant
Galactic and extragalactic source of confusion is expected to
be emission from interstellar dust. The decrease in the ampli-
tude of the observed structure as a function of frequency is not
consistent with dust emission. In addition, based on an
extrapolation from the TRAS 100 um data (Wheelock et al.
1991) and scaling the brightness by the spectrum for high-
latitude dust reported by Meinhold et al. (1993a), the differen-
tial dust emission in the GUM region is expected to be a factor
of 2 below the measured structure at 14 cm ™! and a factor of
100 below the measured structure at 3.5cm ™1,

The rms differential antenna temperature due to diffuse syn-
chrotron emission in the GUM region is less than 0.8 K at 408
MHz, as given in the 30" x 30" smoothed version of the Haslam
et al. (1982) map. Assuming a scaling law AT, oc v# for syn-
throtron emission with § = —2.7 implies an rms AT, < 0.38,
0.06, 0.02, and 0.006 K at 3.5, 6,9, and 14 cm %, respectively.
These estimates account for < 1% of the observed structure.

Free-free emission is the least well characterized of the
potential Galactic contaminants. No small-scale He data are
available for the GUM region. A catalog search has been made
for bright radio sources in this region. The beam intersects the
source 3C 314.1, which is expected to contribute less than 0.2
uK at 3.5 cm~! (Herbig & Readhead 1992). Estimates of
diffuse free-free emission have been as described in Gundersen
et al. (1993). Taking the conservative assumption that the
entire 408 MHz rms is due to free-free emission and extrapo-
lating to our frequencies using AT, oc v~ 2! gives <15% of the
measured rms. Preliminary measurements of a 295 x 2°5
region centered on GUM from the Cambridge Anisotropy
Telescope (CAT) which is an interferometer with a 0°5 beam at
15 GHz give no indication of a free-free component at 3.5
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cm ! as large as the structure observed by MAX (Lasenby et
al. 1993).

7. DISCUSSION

Since all of the known possible foreground contaminants are
considered unlikely and the spectrum of the structure is consis-
tent with CMB anisotropy, the following discussion interprets
the observed structure as CMB anisotropy.

The rms of the data give AT, /Tons = 4.6 +£0.9 x 1073,
254 0.6 x 1073 and 2.2 + 0.8 x 1077 (68% confidence level)
in the 3.5, 6, and 9 cm ™! bands, respectively. This rms depends
on the spatial window function determined by the beam size
and chop. Comparison with theory requires integrating the
predicted power spectrum of CMB anisotropy over the
window functions. For a cold dark matter (CDM) model with
Qp = 0.03 and & = 0.5 (Sugiyama & Gouda 1993) normalized
to the rms amplitude of the anisotropy measured by COBE
at large angular scales (Smoot et al. 1992), we expect
AT, /T =2 x 107% for the 35 cm™! band and
AT, /Toas = 1.6 x 1075 for the 6 and 9 cm ™! bands. In com-
paring the predicted and measured values of AT,/ Teyg, We
should include an additional 20% uncertainty due to sampling
variance (Scott, Srednicki, & White 1994).

If the CMB anisotropy is assumed to have a Gaussian auto-
correlation function with a coherence angle of 25, then the
most probable values of AT/ Ty (With 95% confidence upper
and lower limits) in the 3.5, 6, and 9 cm ™! bands are 4.3%%:]

x 1075,2.87%3 x 1075, and 3.57 32 x 1073, respectively. The
size of the observed structure is similar to that observed in the
second and third flights of MAX, where most probable ampli-
tudes of 4.5%3:7 x 1075 and 42717 x 10™° were obtained
(Alsop et al. 1992, Gundersen et al. 1993, respectively). A direct
comparison of the morphology of this data set with the results
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from the second and third flights is not possible since the scans
only overlapped in 2 0.5 deg? area.

8. CONCLUSION

We have presented new results from a search for CMB
anisotropy with high sensitivity at angular scales near 1°. Sig-
nificant structure is detected in the 3.5, 6, and 9 cm ™~ ! bands.
Based on spectral and temporal arguments, sidelobe contami-
nation from Earth, the balloon, and the Galaxy are considered
unlikely to cause the observed structure. The data rule out
Galactic dust emission via the spectrum, morphology, and
amplitude of the structure. Synchrotron and free-free emission
are considered unlikely contaminants from estimates of their
intensity based on low-frequency maps. The relative amplitude
of the structure at 3.5, 6, 9, and 14 cm ™~ is consistent with the
CMB spectrum. This is the third time that the MAX experi-
ment has measured structure with CMB spectrum over a
broad spectral range with similar amplitude in the GUM
region (Alsop et al. 1992; Gundersen et al. 1993). While the
experiment has been significantly changed, the result has
remained the same. It has become increasingly difficult to con-
struct alternative hypotheses for the observed signals.
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