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Unlversity of California, Berkeley, CA 94720, USA
t and Instituto de Pesqulsas Espacials - INPE/CNPq
Departamento de Astrofisica
12200 - Sao José dos Campos, SP, Brazll

Summary. - We present data from a series of balloon flights in both hemi-
spheres to measure the large scale anisotropy at 3 mm wavelength. The data
cover 859 of the sky to a sensitivity of 0.7 mK per 7° fleld of view. The
instrument is sufficiently sensitive to resolve the dipole in real-time as the gon-
dola rotates. The motion of the earth around the sun has been seen in ﬁigshcs

separated by 8 months. A 90% confidence level upper limit of 7 x 107 is
obtained for a quadrupole component. Galactic contamination is very small
with less than 0.1 mK contribution to the dipole and quadrupole. When com-
pared to other dipole measurements at different wavelengths, the data can be
useful in determining the temperature or deviation from blackbody of .the
radiation.

1. - INTRODUCTION

Isotropy and homogeneity on large scales are fundamental 1n our description
of the unlverse. Because of the simpllcity of these assumptions and the solvable
nature of the equatlons which arise from thls, lsotropy and homogenelty continue
to domlnate cosmological theory. Experlmentally these appear to be very poor
descriptions, at least In the visible portion of the spectrum where clustering of
galaxles, volds and other Inhomogeneltles are seen. For the cosmlc background
radlation (CBR) however, isotropy and homogenelty are perfectly conslstent with
the data, though very llttle 1s known about the latter, except from CN measure-
ments which do not really test homogenelty at cosmologlical distances. The fact
that from scales of the order of arc seconds to a hundred degrees no Intrinsic
anlsotropy has been found In twenty years leaves us with a very simple but puz-
zling plcture.

As experiments have advanced In senstitlvity, new Ideas, such as the
Inflatlonary unlverse models, have been Invoked to explaln the lack of observable
anisotroples. Measurements of Isotropy on small scales are now putting llmits on
the order of 10~° on Intrinslc variations (Uson and WIllkinson 1984). Already
theorists are stralnilng to explaln the current limits. On large angular scales
(>10"), near full sky (>80%) maps are now avallable at 3, 8, and 12 mm
wavelength with current quadrupole limits of 7 x 10™° (90% C.L.). However, we
are beglinning to have trouble from a local source of lnterference, namely, our
galaxy. By Judiclous cholce of frequencles and modellng of galactlc emlssion
further lmprovement 1s possible, but more than another order of magnltude wiil
be extremely difficult at the largest scales (quadrupole).



- EXPERIMENT MOTIVATION

We began an experiment In 1980 to measure the large scale anlsotropy at 3.3
mm wavelength. The origlnal motivation for this wavelength was to test for the
effect of a possible spectral distortlon, seen near the peak of the. spectrum
(Woody and Richards 1979), on the dipole. In addition, the experiment proved to
be useful in placing limits on higher order anisotroples. Low nolse cryogenic mil-
limeter wave coherent recelvers were showlng great promise, so a 3.3 mm (90
GHz) llquid-hellum-cooled Mott dlode recelver was used based on a mixer design
- by Kerr (Cong, Kerr and Mattauch 1979).

3. - SPECTRAL DETERMINATION

Assumling that the dlpole anlsotropy 1s due to our motlon relative to the
radlation, the dipole amplitude will depend on wavelength In a manner charac-
teristic of the spectrum of the radlatlon. This effect can be used to determine the
spectrum of the radlation from the measured dlpole as a function of wavelength
(Lubin 1980,1982; Danese and De Zottl 1981). If the radlatlon has a blackbody
spectrum, two dlpole measurements, In theory, will determine the temperature.
- Spectral distortlons can be simllarly measured, panlcularly If the spectral ln.dex
(derlvatlve) is large -or a strong funct,lon of wavelength.

Conslder an lsotroplc radlatlon 'fleld, not, ‘necessarily blackbody, of Intensity
I(ergs em™2sec™ st™" Hz™'). In a reference frame moving with velocity § the
intensity I’ wlill be: v :

3

I"‘.='I[ l:/ ] with v =7u[1+ﬂc050) ,

where 8 1s the angle of observation. This transformation follows Immedlately from
‘the Lorentz Invariance of the phase space density. For a blackbody this glves the
ramlllar result that the radlation fleld 1n the moving frame Is also blackbody but
with an angle dependent temperature leaving T /v 1nvariant. For an isotropic
power law distribution I ~ # and for small ﬂ the transformed fleld Is :

, I' @ )=1" (1 + (3 -—a)Bcost) .
Compton and Getting' (1935) derived a simllar result for the veloclity dependent

distribution of cosmic rays. For @ = 3 there Is no anlsotropy, since the spectrum

changes with frequency In the same manner as the relativistlc contractlon of solld
angle (~ U#) and the change In photon energy (~ v). For @ > 3 the max!mum
flux 1s in the backward (§ = 180 °) directlon contrary to intultlon. For a Planck
(blackbody) spectrum « 1s always less than 2, belng 2 1n the low frequency llmlt
and becoming Increasingly negative at high frequencles.

It 1s convenlent. to express the flux as a temperature, SO an "antenna tem-

A2
perature TA = ?I;I 1s defilned as the equivalent physical temperature of a

blackbody ‘which glves the flux [ In the low frequency (Raylelgh-.leans) limit.
The mot,lon Induced anisotropy s then:

To(0)=T4,(1 + (- a)ﬂcos&) for ‘|3 -a I g << 1

The amplitude of the anisotropy i1s then AT, /T, = (3 - a)fcosd with AT,
belng the quantity dlrec;ly measured 1n anisotropy experiments. The anlsotropy
magnltude depends on the intensity, spectral index (derlvative) and velocity. For
a blackbody, the spectral Index and flux are unlquely related to the temperature



L=

3

and frequency, so two dlpole measurements at different frequencles determine
both the temperature of the radiation and our veloclty through 1t. The uncer-
talnty In temperature det,ermlned 1s:

2
OAT, OAT,
_—~2.8 +
ATA 12mm ATA

] 1/2

if we use, for example, two measurements at 3 mm and 12 mm of a blackbody

3mm

~ with temperature near 3 K. The best dlpole measurements to date have an accu-

racy of about 5% limited by callbration errors, though a 1 - 2% measurement 1s
possible from a satellite or a balloon If a sultable callbrator 1s used. A 1% anlso-
tropy measurement at 3 mm and 12 mm would glve oy ~ 0.1 K, the current 5%
uncertalnty glves opr ~ 0.5 K. The relatlve accuracy Increases with anlsotropy
measurements above the peak of the spectrum where «, and therefore the dipole,
1s a strong function of the temperature of the radlation. Here, even a modest
dipole measurement (5-10%) could yleld significant informatlon about the spec-
trum at submlillimeter wavelengths. There are more direct ways of measuring the
spectrum, but this Is a slde beneflt of anlsotropy measurements and Is an Impor-
tant cross check. These arguments can also be used for some types of higher
order distortions and polarizations as well as for cluster coollng effects.

One area where this comparison Is useful 1s where there Is any spectral dls-
tortion or rapld change In slope. The dlpole Is very sensitlve to changes In slope
as it essentlally measures the product of the flux and its first derivative. The
spectrum measurements of Woody and Rlchards provides one area of test as does
the recent two component masslve photon theory of Georgl, Glnsparg and
Glashow (Georg! et al. 1983; de Bernardls et al. 1984) Invoked to explaln the
Woody and Richards data. A precise prediction of the dlpole expected from the
Woody and Richards data 1s not possible because of the. flux uncertalnty and
spectral resolution of thelr data.:- However, fittlng a smooth spectrum through
thelr data ylelds an estimated 20% to 4095 enhancement of the dipole at our
wavelength over that expected from a 2.7 K blackbody (Lubin 1982).

- EXPERIMENT DESCRIPTION

The radiometer and gondola used 1s shown In Figure 1. It 1s a Dicke radlom-
eter which uses a rotating mirror to chop between two positlons in the sky 90°
apart. The difference In temperature between two positlons In the sky 1s meas-
ured as the apparatus rotates. The rotation of the gondola and the earth glves a
sky coverage of about 30% per flight. The gondola typlcally hangs 70 m below a
3 x 10 * m® balloon and rotates at 0.5 revolutions per minute. The typical flight
altitude 1s 30 Km with a 10 mb residual atmosphere for a duration of 10 to 15
hours. The Instrument s callbrated inflight with a blackbody target whose tem-
perature {s measured. Two sets of magnetometers, fluxgate and Hall effect, pro-
vide the orlentation of the package relative to the earth's magnetic fleid.

The microwave radlometer used 1s shown In Flgure 2. The instrument s
described in detall In Epsteln (1983). It consists of a low-doped GaAs Schottky
dlode mixer operated at 4.2 K (liquld hellum) and pumped by a 80 GHz Gunn
effect osclllator. The mixer has a conversion loss of about 8 dB. After the signal Is
downconverted, 1t 1s amplified by a 2 stage GaAs FET IF amplifier, also cooled to
4.2 K. The [FF ampilfler has a nolse temperature of about 20 K and a gain of 24
dB over a 800 MHz bandwldth centered at 1.4 GHz. The antenna is a 7°
FWHM corrugated scalar feedhorn operated at 77 K. The radlatlon Is coupled
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and llquld nitrogen 1s controlled by absolute pressure regulators

The beam is chopped by a hlghly pollshed rotating aluminum mlrror, phase
locked to a crystal to chop. at 23 2/3 Hz. The mirror introduces an offset of 200
‘mK due to 1ts emlssivity of about 8 x 10~*. The offset drift was typlcally 1 mK
per hour. The signal Is blanked as the edge of the mlirror crosses the beam with a
20 % blanking time to prevent beam scattering as the mirror crosses the antenna.
The chopped signal:is demodulated by a synchronous detector and recorded on
tape as well as telemetered to the ground. '

The system has an equivalent nolse temperature of 130 K, double slde band,
averaged over the 500 MHz equivalent bandwldth (corrected for galn vartations).
A square-wave switched square-wave demodulated radlometer with nolse tem-
perature T,, bandwidth B, frequency v and lntegratlon tlme 7 has an equivalent
temperature fluctuation of:

‘stnh z /2 2T, 2T, with o —= rv
_ z/2 \/' \/ T kT
Using the measured system parameters above glves AT = 12 mK/Hz‘/ 2

Increasing this’ by 10% because of the 20% beam blanking time glves 13
mK/Hz!/2. The measured Inflight AT 1s 14.0 + 0.1 mK/Hz'/?, In relatively good

AT =

agreement. In one rotation of the gondola (r~100 seconds) the equlvalent

fluctuatlon 1s about 1 mK, so the dipole (~3 mK) should be observable In real
time as the lnst.rumenc rotates. As can be seen In Flgure 3 of a telemetry strip

chart from the April 1982 flight with a 558 RC filter In line, the dipole Is readlly
observed.
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Fig. 2. - Schematic of 3.3 mm radiometer.

5. - ATMOSPHERIC EMISSION

Because of the mlnute nature of the signals beilng measured, atmospheric
emisslon requires attention and dictates the frequency ranges useful for observa-
tlon and the altitudes required. Flgure 4 shows the calculated vertlcal atmos-
pheric emlssion at 30 Km altitude based on the oxygen, water and ozone line
strengths and concentratlons, and the atmospheric temperature proflle. Above 95
GHz numerous ozone llnes are present along with oxygen and water llnes. Below
95 GHz the primary ilnes are the set of oxygen Illnes near 860 GHz and a water
llne at 22 GHz. At our center frequency of 90.0 GHz and bandpass of 88.3 to 61.7
GHz, the total calculated vertical atmospheric emlission 1s 8 mK at our float alti-
tude of 30 Km. As can be seen from Flgure 4 we are In a broad minimum of
ozone and oxygen emisslon. Most of the water Is frozen out with a residual pre-
clpitable water column of 0.3 u. Flgure 5 shows the calculated emission at 90
GHz as a function of altitude.

To first order, because the beam directlons are symmetrical about the zenith
+ 45°, atmospheric emlsslon cancels out, since we only measure the temperature
difference. In reallty, due to wind shears, the gondola wobbles slightly, with an
amplitude measured to be less than 1/3°. This ylelds an atmospheric signal of
less than 0.1 mK. As this Is already at such a low level and 1s In general not syn-
chronlzed on the sky, no correctlon 1s necessary. Patchy atmospheric emission Is
a potential problem and some evidence Is seen for thils In subml!lllmeter measure-
ments, though scallng to our atmospheric emlission level Indlcates that it Is not
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Fig. 5. - Calculated vertical atmospheric emission versus altitude.

serlous at our frequency.

6. - GALACTIC BACKGROUNDS

Of all the possible systematlc errors, ‘emlsslon from our galaxy Is the most
troublesome as it cannot be corrected by better shielding, lmproved recelver
design or by flylng higher (at least for altitudes below 10'® Km, where balloons
are not yet avallable). Galactlc emlisslon presents a fundamental source of error
for large scale anisotropy measurements. Flgure 8 shows the estimated galactlc
backgrounds as a functlon of wavelength based on low frequency (~ GHz) sur-
veys for synchrotron and H-II emlsslon and on the MIT (Owens, Muehlner and
Welss 1979) measurements of dust plnned by our 3mm dust result (Lubin,
Epsteln and Smoot. 1983). More recent measurements (Halpern 1983) indicate
that the dust spectrum may be somewhat flatter than thls. From thls It appears
as though there 1s a minimum or "window”™ near 3 mm with typlcal emlisslon off
the galactic plane estimated to be 0.1 mK or less. Unfortunately, dust emlssion
from the galaxy s not well understood particularly at the longer mm
wavelengths. The TRAS 100 u (Hauser et al. 1984) data will ald 1n our under-
standing but mm wavelength surveys will be needed for serlous galactic dust
modellng to be useful In anlsotropy measurements. We will return to thils later.

7. - SKY COVERAGE

The Instrument has been flown four times. The flrst flight was on July 1,
1981, from Palestine, Texas (6 = +31.8°). For the first flight the Instrument was
flown on the Princeton gondola (Wllkinson). Because of severe telemetry interfer-
ence no useful data was obtalned. The second flight, on November 4, 1981, also
from Palestine, was on the M.I.T. gondola (Welss). The third flight, on April 26,
1982, from Palestine, used our own gondola. The fourth flight, on November 19,
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1982 used our gondola and was from Cachoelra Paullsta, SP, Brazll (6=-22.7").
Due to difficultles with the termination system, the gondola was not recovered

though the data was recovered from the telemetry tapes.

The sky coverage

obtalned from the three successful data flights 1s shown In Flgure 7. Total sky -

coverage 1s 859%%.
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85%%.



8. - CALIBRATION

The Instrument was calibrated before, durlng and after each flight, except
for the last flight where no post-flight callbration was possible. Pre-flight and
post-flight callbration consisted of using an amblent and liquld nitrogen target to
establish the system galn. The system was carefully checked for saturatlon effects
and a slight correctlon was made. The system was In flight conflguration (cryo-
gens 'n place and pressurized) during these calibratlon. Over a year's time Inter-
val the system galn for pre and post-flight callbratlon was within + 1.595. The
first three flights used a small (~ 1% beam fliling factor) blackbody target as an
Inflight calibrator. Callbration was performed every 27 minutes durlng the flight.
‘Whlle this small callbrator provided very good relatlve callbration, 1t was difficult
to use as an absolute callbrator to better than 5%. For the last flight, It was
replaced by a full beam target and appeared to be capable of a 1-29% callbration.
Unfortunately, as the flight recorder data tape was not recovered thls full accu-
racy has not been achleved. However, during the last flight, the moon was
directly viewed and was also used as a callbration source. Calculations of the full
beam equlvalent brightness temperature at 3.3 mm of the moon due to Kelhm
(1984) are shown In Figure 8. For this flight, the phase of the moon was - 134°.
The moon callbration agrees within 29 of that obtalned with the target calibra-
tor. The relative galn stabllity during all the flights was + 19%5. One number Is
found to be sufficlent to use as a callbratlon constant for all flights. Overall, we
place a callbration error of 5% on the data.

LUNAR EMISSION AT 3.3 MM
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Fig. 8. - Full disk equivalent brightness temperature of the moon versus phase angle.
Phase angle for the Brazilian flight was -134°.

9. - DATA ANALYSIS

After removal of the offset and callbration, the data Is fit to a serles of func-
tlons using a least-square fittlng algorithm A summary of dlpole and quadrupole
spherical harmonlc fits 1s given In Table I. As can be seen, no significant
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quadrupole remalns. The dipole amplitude errors are domlnated by the 59 call-
bratlon error. The dlpole direction 1S @ = 11.3 + 0.1 hours and § = -8.0 + 1.4
degrees In celestlal coordinates. Because of the relatlve callbration stability and
magnetometer polntlng reconstruction (better than 1 :from the moon data) the’
accuracy of the dlpole directlon Is not llmited by the 5% amplitude callbration
error but 1s.good to about 2%. The quadrupole fits Imply a 909 confidence level
upper llmit of 7 x 10~ on an RMS quadrupole component.

TABLEI
SPHERICAL HARMONICS FITS S
ALL GALACTIC  STATISTICAL  TOTAL |
FIT  COEFFICIENTS  p,1)  cUuTS ERROR ERROR -
Dipole T, 273 273 0.06 0.14 |
T, 0.50 0.58 0.06 - 0.08 .
T, 0.30 029 0.05 0.08
Dipole and T, 274 . 2.74 . 0.07 8(1): ;
Quadrupole T , 0.51 0.56 o007 . |
_ T 040 . 034 - © 007 008 |
Q 017" . 008 0.07 008 |
0, 0.22 012 007 008 |
Qs 0.13 0.10 008 - 0.09
0. 20.08 20.07 0.06 007
Qs - 0.04 0.07 0.05 007
{

Values.are mK antenna temperature mult. by 1.23 to convert to thermodynamxc temperature far
{ T=2.7 K, see Table III. '

i
T =T, cosécosa+ T, cosésina+ T,sm6+Q|(3sm26- 1)/2 +stxn26c03a+Q3sm263ma+Q.coszkosZa-t- )
+Q,cos16nn2a - |

Table I - Dipole and Quadmpolé fits to 3 mm data. Galactic cut 5° is it excluding
data within 5° of the galactic plane. Total error includes 5% calibration error.

- ORBITAL VELOCITY

The veloclty of the earth about the sun is approximately 30 Km/sec or
10*¢. The veloclty of the earth relatlve to the cosmlc background radiatlon Is
approxlmately 103 ¢. Dipole ‘measurements taken 6 months apart should be
able to resolve the earth’s orbital motlon as a 109 effect on the dipole. For the
April 1982 and November 1982 flights the measured difference 1n velocity vectors
(dipoles) between the flights s

(ATx , ATy , ATz) = (-0.30+0.14, 0.4040.14, 0.0840.14)

where the numbers are antenna temperature In mK. The predicted difference
based on the earth’s orbital parameters Is ( -0.32, 0.28, 0.12 ) In good agreement.
For these two flights the orblt_al effect 1s not Just a change in dipole amplitude
but both an amplitude and direction shift. Detectlon of the earth’s orbltal

motion 1s a good cross check of subtle systematic errors, especlally relative point-
Ing and callbration errors.
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11. - GALACTIC EMISSION

Inclusion or exclusion of the galactic plane has very little effect on the fits,
changing the dipole and quadrupole parameters by less than 0.1 mK. Galactlc
emission appears to be a small effect In this data. A fit to a cosec b (galactic
latitude) dust model, flattened at b = 57, ylelds 41 + 11 uK at the poles. Whlle
thils appears to be significant, 1t should be interpreted cautlously. Excluding data
within 5° of the galactic plane and repeating the fit gives an Insignificant
14 + 19 uK as the pole value. Interpreting thls fit as belng Indicative of galactic
emlisslon at 3 mm, we can combine this data with other recent centimeter, mil-
limeter and submiliimeter data. The result 1s shown in Figure 9.

GALACTIC EMISSION

T LERIR B RAL]
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Fig. 9. - Recent measurements of large scale galactic emission. Lower data is fit to
galactic model (cosec (b) or similar) in antenna temperature. Upper data is the ratio of
galactic model fit to dipole at the frequency for T = 2.7 K. Data: 1) 3000 GHz point
is IRAS 100 4 data, Hauser et al. (1984), 2) 100 to 1000 GHz points are Halpern et al.
(1984), 3) 90 GHz is this work, 4) 37 GHz is Strukov et al. (1984) and 5) 25 GHz is
Fixsen (1982).

12. - MAPS

To convert the approximately 10° measurements of temperature differences
to a map of the sky requires some manlpulation of the data. The general idea Is
to find a temperature distribution (map) 7; which minlmizes the x? of the map
compared to the actual difference data. Minlmizing

x2 = 2_1_2(7*'. - T; - ATy 2,
a‘.j
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where T; and T; are the desired map temperatures at plxels ¢ and j and ATy;
is the measured temperature difference between pixels : and j. For thls the T;
are consldered free parameters. Mlnimlzing the X2 wlth respect to T,- ylelds a set

of N Illnear equatlons where N Is the number of pixel elements. These equatlons

take the form:
N o1
3 2(T,~—TJ~—AT,-J-)=O..

1 0',']'

Our antenna has a nearly gaussian beam proflle with a 7° full width at 3 dB
(half power polnt). The Integrated beam pattern Is about 70 square degrees. This
glves about 800 Independent sky patches for the full sky. We split each patch
Into 4 parts giving about 2400 pixels on the full sky or 2000 plxels for our 85%
sky coverage. Solving the 2000 linear equatlons I1s tantamount.to inverting a
2000 x 2000 sparse matrix. Instead of a dlrect matrix Inverslon, we use &n itera-
tlve Gauss-Sldel inversion technlque (Gulkls and Janssen 1981) which Is efficlent
at Inverting large matrices. The method converges rapldly, typlcally within 100
Iteratlons. As a subsldlary condltion, the welghted map average Is set equal to O,
since the absolute temperature 1s not determlned.

A map made using thls technlque 1s glven In Flgure 10 as a sind projectlon,
which 1s an 'equal area projection. The map clearly shows the dlpole. A residual
map after the dlpole Is removed Is shown In Flgure 11. The large scale features
of the data are falthfully reproduced In the sense that -a fit of the map to dlpole
and ‘quadrupole harmonles glves (wlthin errors) the same values as fitting .the
(differential) data. Because the data Is taken at essentlally constant latltude the
matrix is nearly singular and certaln subtle mathematlcal Instabllitles can occur.
To test the stablllty of our maps, a number of Monte Carlo simulations were run.
They show that on large scales the map Is a falthful reproduction of the data.

-3 mk =T +3 mk

Fig. 10. - 3 mm map as a sind projection in celestial coordinates (a,é). & = +24 hr.
at left and O hr. at right. 6= +77" at top and -68° at bottom. Sky coverage is 85%.
Pixels are nominal 3°x 5° (& x 6). :

-4
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“
Fig. 11. - Residual map after subtraction of dipole. Parameters the same as figure 10.
13. - COMPARISON TO OTHER DATA
The dlpole has been measured from 1 mm to 3 ¢cm by varlous groups using
both broadband Incoherent (bolometer) technlques for A< 3 mm and narrow
band (B ~ 1 GHz) coherent (heterodyne) technlques for A\> 3 mm. Table II
summarizes the dlpole measurements.
TABLE I
RECENT DIPOLE MEASUREMENTS
Residual Sky  Staustical Cahibration Inflight AT ATa
Group . (mm) Techmique Platform Atmosphere Coverage Error Error Calibration  (mK) (mK)
_ Berkeley ' 9 M U-2 (20 Km) 10 mK 60% 10% 5% No 31+04 3004
Berkeley ? 3 M Balloon (30 Km) 10 mK 85% 2% 5% Yes 34+02 28x01
Florence* 05-3 B Balloon (40 Km) ~ 1K 10% - ~ 20% No 295k -
MILT. ¢ 02-3 B Ball;oon (40 Km) 02K 50% 10% ~ 20% Yes 30+04 1302
Princeton ® 7, 10, 12 M Balloon (25 Km) 30 mK 50% 10% 5% No 38+03 37+03
Princeton ° 12 M Balloon (25 Km) 20 mK 80% 1% 5% Yes 31+£02 30+02
Moscow 7 8 M Satellite 0 mK 100% » ? Yes 24%05
v M — Microwave (coherent) B — Bolometer (incoherent)
*Assuming CBR is blackbody and T = 2.7K.
'Smoot and Lubin 1979; inflight calibration by moon 1n some flights, noise diode calibrator in last few flights.
o Sky coverage 1n patches.

2Lubin. Epstein and Smoot 1983; Epstein 1983; This work.

*Fabbn, Guidi, Meichiorn and Natale 1980; no frequency resolution.

*Halpern 1983; 4 frequency bands (0.2-3mm), short wavelength bands to measure galactic dust, residual atmosphere
for lowest {requency chaanel.

SCheng 1983

°Fixsen, Cheng and Wilkinson 1983; Fixsen 1982.

'Strukov and Skulachev 1984; Strukov. Sagdeev, Kardashev, Skuiachev and Eysmont 1984; preliminary resuits.

Table II - Recent dipole measurements and experimental parameters.
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The most accurate centimeter wavelength experiment Is the Princeton 12 mm
maser experiment. WIith comparable sky coverage and sensltlvity, a frultful com-
parison can be made. This Is shown In Table IIl. *As can be seen, the two data
sets are In good agreement for the quadrupole parameter llmlts. The dlpole
directions are virtually 1dentical (within 3°). The dipole amplitudes are com-
pared below.

TABLE Il
COMPARISON BETWEEN 3 MM AND 12 MM FITS
Values in Ll;ermodyna.mic temperature for T=2.7 K
COEFFICIENTS 3 MM' DATA 12 MM? DATA
T, -3.35 £ 0.17 -3.01 + 0.17
T, 0.71 £ 0.10 0.56 + 0.09
T, -0.35 + 0.08 -0.28 + 0.09
T, -3.37 £ 0.17 -3.07 £ 0.17
T, 0.69 + 0.09 0.67 + 0.09
T, -0.42 £ 0.09 -0.45 + 0.09
Q. 0.10 * 0.09 0.15 + 0.08
Q2 0.15 + 0.10 0.15 + 0.11
Q. 0.12 £ 0.11 0.14 £ 0.07
Q. -0.09 + 0.09 0.068 + 0.11
Qs 0.08 % 0.08 -0.01 + 0.07
_‘Ezclldn data within 5° of the galactic plane.
| 3Fizsen, Cheng and Wilkinson (1983). -
Errors include calsbration. -

Table II - Comparison of 3 mm (this work) with 12 mm (Fixsen 1982) results. Errors
include calibration errors. The values are in thermodynamic temperatures, assuming a
= 2.7 K blackbody.

14. - DIPOLE COMPARISON

As dlscussed before, comparing measurements of the dlpole at different
wavelengths can yleld Information about the spectrum of the radiation. Flgure
12 shows the amplitude of various dipole measurements. AS can be seen even at
simllar wavelengths, there 1s some disagreement. This may be partly due to the
lack of Inflight callbration, for some early measurements, as well as the lack of
good sky coverage. Callbratlon 1s a severe problem for the broadband bolometer
experiments, where even ground callbration 1s difficult. These problems will llmlit
the usefulness of thls comparison.

Glven a particular spectrum T4 (v), we can test the hypothesls that the
veloclty vectors determined by two experiments are equal (l.e. that they are
measuring the same physical effect) or that the difference In velocity vectors is
zero. It can be shown that

S =dTE'?,

where

w
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Fig. 12. - Recent dipole measurements. This work at 90 GHz. Other data are Boughn,
Cheng and Wilkinson (1981); Smoot and Lubin (1979); Fixsen, Cheng and Wilkinson
(1983); Halpern (1983) and Fabbri et al. (1980). .

d =§,-8, and E=E, +E,

Is dlstributed llke a chil square with 3 degrees of freedom (Martin 1971; Goren-
steln 1978). Here 3, and J, are the two measured veloclty vectors and E, and E,
are the assoclated error matrices. Glven a spectrum T4 (v), the speccral index
a(v) can be determined. From T (1/) and o(v) the velocity vector B can be
Inferred from the measured dipole A using:

ATA = TA (3—&)3 .

WI1th the veloclity vector 3 the above test can be performed. Uslng the Princeton
12 mm data to compare our data to Is summarized In Table IV. The test indi-
cates a general agreement with a 2.7 K blackbody but Is Inconclusive with regard
to the Woody and Richards data (Lubin et al. 1984).

- FUTURE

Anlsotropy measurements have Increased In senslitlvity by about three orders
of magnitude since they were started nearly twenty years ago. The major
emphasls has been on lmproving the sensitivity of the Instruments since this was
the llmltilng factor. Now, partlcularly for the very large scale ( 4> 30°) measure-
ments, galactlc emlsslon 1S becoming a serlous source of error. Currently the
uncertalnty In the first few spherical harmonic terms Is about 100 uK. Reducing
this by another order of magnitude will be difficult regardless of the system sensl-
tivity unless fundamental advances are made In our understandlng of galactic
emlsslon. Multiple frequency measurements are critical for this. Accurate absolute
callbratlon will also be needed at about the 19% level to fully explolt the data
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TABLE IV

COMPARISON BETWEEN 12 MM AND 3 MM DIPOLES

12 mm! , 3 mm’
FIT  ERROR CORRELATION ' FIT'  ERROR CORRELATION
(mK) (mK) _ COEFFICIENTS' _ (mK) (mK) _ COEFFICIENTS'
T, 296 017 1 Oil 0l [T, -272 014 | 010 -0.04
T, 055 009 . 1 018 T, 051 008 L 012
T. 028 009 1 T, 033 008 !
!
Spectrum Confidence Level
27K . 35%
30K 65%
27K @ 12mm, W - R @ 3mm" 3%
JOK@ 12mm W - R @3mm™  49%

*measured antenna temperature. .
*correlation coefficient c;=——== |, ¢; error matrix \/¢;= error in T; or §; .

€56 ]

W — R fit to data of Woody and Richards 1979 see text.
'Fixsen, Cheng and Wilkinson, 1983.
1This work; includes cosec b fit to galaxy.

Table IV - Consistency. of 12 mm and 3 mm dipoles as a test of different spectra.

when comparing dlﬂerént measurements. Relative calibratlon stabllity will also be

very lmportant for long term satelllte measurements and wldely spaced balloon
flights.

New technologles such as superconducting (SIS) recelvers and SHe bolometer
systems as well as older technologles such as masers, promlse near order of mag-
nitude Increases In system sensitlvity within the next few years with the resultant
decrease In observing time for background llmited measurements from months to
days or less. Satelllte observations are already underway with the Prognos 9
(Strukov et al. 1984) misslon recently completed and the COBE (Cosmlc Back-
ground Explorer) satellite due to be launched later thls decade. Within flve years

a varlety of background llmited measurements at different frequencies should be
avallable.
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