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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 85% of the sky to a semsitivity 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 ﬂi%hts
separated by 6 months. A 90% confidence level upper limit of 7 x 10~ is
obtained for a2 quadrupole component. Galactic contamination is very small
with less than 0.1 mK contribution to the dipole and gquadrupole. 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 homogenelty on large scales are fundamental in our description : |
of the unlverse. Because of the slmpllclty of these assumptions and the solvable ‘
nature of the equations which arise from thls, Isotropy and homogeneity contlnue |
to domlnate cosmological theory. Experimentally these appear to be very poor :
desecriptions, at least in the visible portlon of the spectrum where clustering of |
galaxles, volds and other Inhomogeneltles are seen. For the cosmlc background |
radlatlon (CBR) however, Isotropy and homogenelty are perfectly consistent with
the data, though very little Is known about the latter, except from CN measure-
ments which do not really test homogenelty at cosmological distances. The fact
that from scales of the order of are seconds to 2 hundred degrees no Intrinsle

anlsotropy has been found in twenty years leaves us with a very slmple but puz-
zllng plcture,

As experlments have advanced In sensltlvity, new ldeas, such as the
Inflatlonary unlverse models, have been lnvoked to explaln the lack of observable
anlsotroples. Measurements of Isotropy on small scales are now putting llmlts on
the order of 10™° on Intrinsic varlations (Uson and Wllkinson 1684). Already
theorlsts are stralnlng to explain the current llmits. On large angular scales
(>10" p) MADS are allable at 3, 8, and siyii
wavelength with current quadrupole llmlts of 7 x 10~° (90% C.L.). However, we
are beglnning to have trouble from a local source of Interference, namely, our
galaxy. By Judiclous cholce of frequencles and modellng of galactle emlsslon
further Improvement 1s posslble, but more than another order of magnltude will
be extremely difficult at the largest scales (quadrupole). ' -
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2. - EXPERIMENT MOTIVATION

We began an experlment In 1980 to measure the large scale anlsotropy at 3.3
mm wavelength. The origlnal motivation for thls wavelength was to test for the
effect of a possible spectral distortlon, seen near the peak of the spectrum
(Woody and Rlchards 1979), on the dlpole. In addltlon, the experlment proved to
be useful In placing llmits on higher order anisctroples. Low nolse cryogenle mll-
llmeter wave coherent recelvers were showlng great promise, so a 3.3 mm (90
GHz) llquld-helium-cooled Mott dlode recelver was used, based on a mixer deslgn
by Kerr {Cong, Kerr and Mattauch 1979).

3.- SPECTRAL DETERMINATION

Assuming that the dipole anlsotropy 1s due to our motlon relatlve to the
radlatlon, the dlpole amplitude will depend on wavelength In a manner charac-
terlstic of the spectrum of the radlatlon. This effect can be used to determine the
spectrum of the radlatlon from the measured dipole as a functlon of wavelength
(Lubln 1880,1982; Danese and De Zottl 1981). If the radiatlon has a blackbody
spectrum, two dlpole measurements, In theory, will determlne the temperature.
Spectral distortlons can be slmilarly measured, bartlcularly If the spectral Index
(derlvative) Is large or 2 strong functlon of wavelength.

Conslder an lIsotroplc radlation fleld, not necessarlly blackbody, of intenslty

I(ergs ¢cm 2 sec™ s¢t™! Hz™!). In a reference frame moving with velocity 4 the
Intensity I’ will be:
3

’ |
I =I[ Z ) with v’ = (1 + feosh ) ,

v

where @ is the angle of observatlon. This transformation follows Immediately from
the Lorentz Invarlance of the pbhase space density. For a blackbody this gives the
famlilar result that the radlatlon fleld In the moving frame 1s also blackbody but
Wwith an angle dependent temperature leaving T /v \nvarlant. For an isotrople
power law dlstributlon I ~ 2* and for smail B the transformed fleld Is :

I'(® )=1," (1 + (3 - a)fcosh) .

Compton and Gettlng (1935) derlved a slmllar result for the veloclty dependent
distributlon of cosmle rays. For &« = 3 there 1s no anlsotropy, slnce the spectrum
changes wlith frequency In the same manner as the relatlvistic contraction of solld
angle (~ ¢?) and the change in photon energy (~ V). For @ > 3 the maximum
flux 1s In the backward (6 = 180" ) dlrectlon contrary to Intultlon. For a Planck
(blackbody) spectrum o Is always less than 2, belng 2 in the low frequency llmit
and becomlng Increasingly negatlve at hlgh frequencies.

It 1s convenlent to €xXpress the flux as a temperature, so an "antenna tem-
)2
perature” T, = EI Is deflned as the equlvalent bhyslcal temperature of a
blackbody which glves the flux I In the low frequency (Raylelgh-Jeans) Nmilt.
The motlon Induced anlsotropy is then:

= ; = -« <1 .

The amplitude of the anlsotropy Is then ATy /T4y = (3 - a)Beosf with ATy
belng the quantity directly messured In anisotropy experlments. The anlsotropy
magnltude depends on the Intenslty, spectral index (derlvative) and veloclty. For
a blackbody, the spectral Index and flux are unlquely related to the temperature



and frequency, so two dilpole measurements at different frequencles determlne
both the temperature of the radlatlon and our veloclty through 1t. The uncer-
talnty ln temperature determlned ls:

T () v (2] )"
~9, ,
T ATA 12mm ATA 3mm
If we use, for example, two measurements at 3 mm and 12 mm of a blackbody
wlith temperature near 3 K. The best dipole measurements to date have ANl accu-
racy of about 5% llmited by calibration errors, though a 1 - 295 measurement Is
possible from a satelllte or a balloon If a sultable callbrator 1s used. A 19 anlso-
tropy measurement at 3 mm and 12 mm would give oy ~ 0.1 K, the current 5%
uncertalnty glves o ~ 0.5 K. The relative accuracy Increases wlth anlsotropy
measurements above the beak of the spectrum where «, and therefore the dipole,
Is a strong functlon of the Yemperature of the radlation. Here, even a modest,
dipole measurement (5-109) could yleld signlficant Information about the spec-
trum at submllllmeter wavelengths. There are more direct ways of measuring the
spectrum, but this Is a slde benefit of anlsotropy measurements and is an lmpor-

tant cross check. These arguments can also be used for some types of hlgher
order distortlons and polarlzations as well as for cluster coollng effects.

One area where this comparison 1s useful 1s where there 1s any spectral dls-
tortlon or rapid change In slope. The dipole is very sensltlve to changes In slope
as 1t essentlally measures the product of the flux and !ts first derivative. The
spectrum measurements of Woody and Richards provides one area of test as does
the recent two component masslve photon theory of Georgl, Ginsparg and
Glashow (Georgl et al. 1983; de Bernardls ef al. 1984) Invoked to explaln the
Woody and Rlchards data. A preclse predictlon of the dipole expected from the
Woody and Rlchards data 1s not possible because of the flux uncertalnty and
spectral resolutlon of thelr data. However, fitting a smooth spectrum through
thelr data ylelds an estlmated 20% to 40% enhancement of the dlpole at our
wavelength over that expected from a 2.7 K blackbody (Lubln 1982).

4. - EXPERIMENT DESCRIPTION

The radlometer and gondola used ls shown In Figure 1. It Is a Dicke radlom-
eter which uses a rotating mirror to chop between two posltlons In the sKy 90°
apart. The dlfference 1n temperature between two positions 1n the sky 15 meas-
ured as the apparatus rotates. The rotatlon 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 revolutlons per minute. The typleal flight
altltude 1s 30 Km with a 10 mb resldual atmosphere for a duratlon of 10 to 15
hours. The lnstrument 1s callbrated Inflight with a blackbody target whose tem-
perature 1s measured. Two sets of magnetometers, fluxgate and Hall effect, pro-
vlde the orlentatlon of the package relatlve to the earth's magnetic fleld.

The mlcrowave radiometer used Is shown In Figure 2. The lnstrument s
deserlbed 1n detail in Epsteln (1983). It conslsts of a low-doped GaAs Schottky
dlode mlxer operated at 4.2 K (liquid hellum
downconverted, 1t 1s amplifled by a 2 stage GaAs FET IF amplifier, also cooled to
4.2 K. The IF ampllifler has a nolse temperature of about 20 K and a galn of 24

dB over a 800 MHz bandwldth centered at 1.4 GHz. The antenna s a 7°
FWHM corrugated scalar feedhorn operated at 77 K. The radlatlon Is coupled
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Fig. 1. - Gondola and instrumentation.

Into the dewar through a 130 # mylar window. The pressure of the llquid hellum
and llquld nltrogen 1s controlled by absolute pressure regulators.

The beam 1s chopped by a hlghly pollshed rotating alumlnum mirror, phase
locked to a crystal to chop at 23 2/3 Hz. The mirror Introduces an offset of 200
mK due to 1ts emlisslvity of about 8 x 10~L, The offset drift was typleally 1 mK
per hour. The slgnal Is blanked as the edge of the mirror crosses the beam with a
20 % blanking tlme to prevent beam scatterlng as the mlirror crosses the antenna.
The chopped slgnal Is demodulated by a synchronous detector and recorded on
tape as well as telemetered to the ground.

The system has an equlvalent nolse temperature of 130 K, doubie slde band,
averaged over the 500 MHz equlvalent bandwldth (corrected for galn variatlons).
A square-wave switched square-wave demodulated radlometer with nolse tem-

perature T,, bandwidth B, frequency v and Integratlon time 7 has an equlvalent
temperature fluctuation of:

SlnhI/Q 2T, _ 2T8 with I = ﬂ
r/2 Br VBT kT

Using the measured System parameters above gives AT = 12 mK/Hzl/Q.

Increaslng thls by 109 because of the 2095 beam blanklng tlme gives 13
—Mmmw%%wwﬁﬂW

agreement. .

chart from the April 1982 flight with a 55s RC filter In line, the dlpole Is readlly
observed.

AT =




-

Chopper wheei~.,

’/'
’,/’ [Window
Antenna
Cirectional —
coupler/ I— | i-fV\/‘u
filter Zmm
Switching Mixer | X local
reference oscillator
Impedance o,
transformer 4°K
GaAs FET O LT T°K
amplifier
L-Armbient
2nd)F
amplifier
— Bandpass
- filter
\./ Detector
Lock-in
amplifier

Cutput
1o tape
Fig. 2. - Schematic of 3.3 mm radiometer.

5. - ATMOSPHERIC EMISSION

Because of the mlnute nature of the slgnals belng measured, atmospherlc
emlssion requlires attentlon and dlctates the frequency ranges useful for observa-
tlon and the altltudes required. Flgure 4 shows the calculated vertical atmos-
bheric emlsslon 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 bresent along with oxygen and water llnes. Below
95 GHz the primary llnes are the set of oxygen llnes near 60 GHz and a water
llne at 22 GHz. At our center frequency of 90.0 GHz and bandpass of 88.3 to 91.7
GHz, the total calculated verticat atmospherlc emlsslon 1s 8 mK at our float altl-
tude of 30 Km. As can be seen from Flgure 4 we are In a broad minimum of
ozone and oxygen emlsslon. Most of the water 1s frozen out wlth a residual pre-

clpltable water column of 0.3 k. Flgure 5 shows the calculated etnlsslon at 90
GHz as a functlon of altitude.

To first order, because the beam dlrectlons are symmetrical about the zenlth
+ 45°, atmospherlc emisslon cancels out, slnce we only measure the temperature
difference. In reallty, due to wind shears, the gondola wobbles sllghtly, with an

ampllitude measured to be less than 1/3°. This ylelds an atmospherlc slgnal 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 correction 1s necessary. Patchy atmospheric emission Is
a potentlal problem and some evidence Is seen for thls in submilllmeter measure-
ments, though scallng to our atmospherlc emlsslon level indleates that It 1s not
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ATMOSPHERIC EMISSION AT 3.3 MM
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Fig. 5. - Calculated vertical atmospheric emission versus altitude.

serlous at our frequency.

8. - GALACTIC BACKGROQUNDS

Of all the possible Systematlc errors, emlsslon from our galaxy s the most
troublesome as it capnot be corrected by better shlelding, Improved recelver
deslgn or by flylng higher (at least for altltudes below 10'® Km, where balloons
are not yet avallable). Galactlc emlsslon presents a fundamental source of error
for large scale anisotropy measurements, Flgure 6 shows the estlmated galactle
backgrounds as a function 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 (Lubln,
Epsteln and Smoot 1983). More recent measurements (Halpern 1983) Indlcate
that the dust spectrum may be somewhat flatter than this. From this {t appears
as though there 13 3 minimum or "wilndow” near 3 mm with typleal emlsslon off
the galactlc plane estlmated to be 0.1 mK or less. Unfortunately, dust emlsslon
from the galaxy 1s not well understood partleularly at the longer mm
wavelengths. The TRAS 100 g (Hauser et al. 1984) data will ald In our under-
standlng but mm wavelength surveys willl be needed for serlous galactlc dust
modellng to be useful in anlsotropy measurements. We will return to thils later.

7.- SKY COVERAGE

The Instrument has been flown four tim ,
» Irom Palestine, Texas (6 = +31.8° ). For the first flight the Instrument w _

from Palestlne, was on the M.I.T. gondola (Welss). The third flight, on Aprll 28,
1982, from Palestine, used our own gondola. The fourth fight, on November 19
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1982 used our gondola and was from Cachoelra Paulista, SP, Brazll (6=-22.7").
Due to difficultles with the termlnation system, the gondola was not
though the data was recovered from the telemetry tapes,

obtalned from the three successful data flights 1s shown 1n F1

coverage 1s 8597,
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8. - CALIBRATION

The lnstrument was callbrated before, durlng and after each flight, except
for the last flight where no post-flight callbratlon was posslble. Pre-fllght and
post-fllight callbratlon consisted of using an amblent and liquld nltrogen target to
establlsh the system galn. The system was carefully checked for saturation eflects
and a sllght correctlon was made. The system was In filght conflguration (eryo-
gens In place and pressurized) durlng these callbratlon. Over g year's tlme Inter-
val the system galn for pre and post-filght callbration was within + 1.59%5. The
first three flights used a small (~ 1% beam flling factor) blackbody target as an
Infllght callbrator. Callbration was performed every 27 mlnutes durlng the flight.
While this small calibrator provided very good relatlve callbratlon, 1t was difflcult
to use as an absolute callbrator to better than 5%. For the last flight, 1t was
replaced by a full beam target and appeared to be capable of a 1-29%% callbration.
Unfortunately, as the fllght recorder data tape was not recovered thils full accu-
racy has not been achleved. However, durlng the last flleht, the moon was
directly vlewed and was also used as a callbratlon source. Calculatlons 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 filght, the phase of the moon was - 134 ° .
The moon callbratlon agrees within 293 of that obtalned with the target callbra-
tor. The relatlve galn stablllty durlng all the flights was 4+ 19%. One number 1s
found to be suffliclent to use as a callbratlon constant for all flights. Overall, we
Place a callbratlon 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.
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8. - DATA ANALYSIS

After removal of the offset and callbration, the data is fit to a serles of funec-
tlons using a least-square fitting algorithm A summary of dipole and quadrupole
spherlcal harmonic fits 1s given In Table 1. As can be seen, no slgnificant



quadrupole remains. The dlpole amplitude errors are domlnated by the 5%% call-
bratlon error. The dlpole direction 1s o = 11.3 + 0.1 hours and § = -8.0 + 1.4
degrees In celestlal coordlnates. Because of the relatlve callbratlon stablllity and
magnetometer polntlng reconstructlon (better than 1° from the moon data) the
accuracy of the dlpole directlon 1s not llmited by the 5% amplitude callbration
error but Is good to about 2%. The quadrupole fits Imply a 909% confldence level
upper llmlt of 7 x 10~ on an RMS quadrupole component.

TABLE I

SPHERICAL HARMONICS FITS

ATISTIC TOTAL
FIT COEFFICIENTS ALL GALACTIC STATISTICAL

DATA CUT 5° ERROR ERROR

Dipole T, 273 273 0.06 0.14
T, 0.50 0.58 0.06 0.08

T 030 0.29 0.05 0.08

Dipole and T, 274 2.74 0.07 014
Quadrupole T 0.51 0.56 0.07 .

T 0,40 034 0.07 008

o 0.17 0.08 0.07 0.08

0s 0.22 0.12 007 0.08

05 0.13 0.10 0.08 0.09

0. -0.08 007 0.06 0.07

0, 0.04 0.07 0.05 007

Values are mK antenna temperature mult. by 1.23 to convert to thermodynamic remperature for
T=2.7 K, see Table Il

T =T cosbcosa+ T, cosdsina + T, sins+ (@ (3sin%- 1)/2 +Q;sin2écosa+ Q3sin2ésina+ Q cosiscos2a+
+ Qscosbsin2a

Table 1 - Dipole and Quadrupole fits to 3 mm data. Galactic cut 5° is it excluding
data within 5 ° of the galactic plane. Total error includes 5% calibration eITor.

10. - 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 cosmle background radlation s
approximately 102 ¢, Dipole measurements taken 6 months apart should be
able to resolve the earth’'s orbltal motion as a 109 effect on the dlpole. For the

Aprll 1982 and November 1982 fiights the measured difference In veloelty vectors
(dipoles) between the fAlghts 1s

(ATxy , ATy , AT;) = (-0.30+0.14, 0.40+0.14, 0.0840.14) ,

where the numbers are antenna temperature In mK. The predleted dlfference
based on the earth’s orbltal parameters Is ( -0.32, 0.28, 0.12 ) In good agreement.
For these two flights the orbltal effect Is not just a change In dlpole amplitude

rectlon s . etectlon of the earth's orbiltal

motlon Is a good cross check of subtle systematlc errors, especlally relative polint-
Ing and callbration errors.



11. - GALACTIC EMISSION

Incluslon or excluslon of the galactle plane has very lttle effect on the fits,
changlng the dipole and quadrupole parameters by less than 0.1 mK. Galactlc
emlssion appears to be a small effect In thls data. A ft to a cosec b (galactle
latitude) dust model, flattened at b = 5°, ylelds 41 £ 11 uK at the poles. Whlle
thls appears to be slgnificant, 1t should be Interpreted cautlously. Excluding data
within 5° of the galactlc plane and repeating the fit glves an Insignificant
14 + 19 K as the pole value. Interpreting thils it as belng Indlcative of galactle
emisslon at 3 mm, we can combine this data with other recent centlmeter, mil-
llmeter and submillimeter data. The result 1s shown In Flgure 9,

GALACTIC EMISSION
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Fig. 9. - Recent measurements of large scale galactic emission. Lower data is fit o
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 ef al. (1984), 2) 100 to 1000 GHz points are Halpern ef 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 approximate 0° _me cmen P tompers

- A cl - TR Se s v - ¥ ra [FC . i - c
to a map of the sky requires some manlpulation of the data. The general 1dea Is
to find a temperature distribution (map) T; which mlnlmizes the x2 of the map
compared to the actual difference data, Minimizing

1
X2=2 Q(Tl'_Tj'_ATij)z ’
i



where T; and TJ- are the desired map temperatures at plxels 1 and 7 and AT;;
Is the measured temperature difference between plxels ¢ and J. For this the T,

are consldered free parameters. Minilmlzing the x2 wlth respect to T,- Ylelds a set,

of N llnear equatlons where N Is the number of pixel elements. These equations
take the form:

N
3 2(T,- —TJ- —AT,-J-)=0
1 a:‘j

Our antenna has a nearly gausslan beam proflle with a 7° full width at 3 dB
(half power point). The Integrated beam pattern Is about 70 square degrees. This
glves about 600 independent sky patches for the full sKky. We split each patch
Into 4 parts glving about 2400 plxels on the full sky or 2000 pixels for our 85%;
sky coverage. Solving the 2000 linear equations 1s tantamount to lnverting g
2000 x 2000 sparse matrix. Instead of a direct matrix Inverslon, we use an ltera-
tlve Gauss-Sldel lnverslon technlque (Gulkis and Janssen 1981) which Is efficlent
at Inverting large matrices. The method converges rapldly, typleally within 100
lterations. As a subsldlary condltion, the welghted map average Is set equal to O,
since the absolute temperature s not determlned.

A map made uslng thls technlque is glven 1n Flgure 10 as a siné prolectlon,
whilch s an equal area projectlon. The map clearly shows the dipole. A residual
map after the dipole 1s removed ls shown In Flgure 11. The large scale features
of the data are falthfully reproduced In the sense that a fit of the map to dipole
and quadrupole harmonles glves (within errors} the same values as itting the
(differentlal) data. Because the data 1s taken at essentlally constant latltude the
matrix Is nearly slngular and certaln subtle mathematlcal Instabilltles can occur.
To test the stablllty of our maps, a number of Monte Carlo slmulatlons were run.
They show that on large scales the map 1s a falthful reproduction of the data.

-3 mk

Fig. 10 3-mm-map as 5 sind projection in celestial coordinates (a,é). & = +24 hr.

at left and O hr. at right. § — +77° at top and -68° at bottom. Sky coverage is 859%.
Pixels are nominal 3°x 5* (ax 8. '



Fig. 11. - Residual Iap after subtraction of dipole. Parameters the same as figure 10.

13.- COMPARISON TO OTHER DATA

both broadband incoherent (bolometer) technlques for A< 3 mm and narrow

band (B ~ 1 GHz) coherent (heterodyne) techniques for A> 3 mm. Table II
summarlzes the dlpole measurements.

TABLE I

RECENT DIPOLE MEASUREMENTS

Group Technique  Platform Residual Sky  Statistical Calibration Inflight aT* AT,
(mm) Atmaosphere Coverage Error Error Calibration  {mE) (mK)
|
Berkeley ! 9 M U-2 (20 Km) 40 mK 60% 10% 5% No A1 +04 30404 °
|
Berkeley 2 3 M Balloon (30Km) 10mK 550 2% 5% Yes 34202 28101 |
Florence > 05-3 B Balloon (40 Km) ~~ 1K 10;% - ~ 20% No 29549 —
MILT. ? 02-3 B Balloon (40 Km} 02K 50% 10% -~ 20% Yes 304+ 04 13+00 .
Princeton ® 7, 10, 12 M Balloon (25 Km) 30 mk 50% 10% 5% No 38+03 37403 |
Frinceton ® 12 M Ballcon (25 Km) 20 mK 80% 1% " 5% Yes  31+02 30400
Moscow 7 8 M Satellite 0 mkK 100% ? ? Yes 24405 —
M — Microwave {coherent) B — Bolometer {incoherent)

"Assuming CBR is bElackbody and T = 2 7K

1Smoot and Lubin 1979; inflight calibration by moon in some flights, noise diode calibrator in last few flights.
Sky coverage in patches.

“Lubin, Epstein and Smoot 1983: Epstein 1983; This work.

*Fabbri, Guidi, Melchiorri and Natale 1980; no frequency resclution.

"Halpem 1983; 4 frequency bands (0.2-3mm), short wavelength bands to measure galactic dust, residuat atmosphere
for lowest frequency channel.

%Cheng 1983,

ixsen. Cheng and Wilkine, 1983 Pimser 1982
TStrukov and Skulachev 1984; Strukev, Sagdeev, Kardashey, Skulachey and Eysmcnt 1984;: preliminary resuits.

Table 1I - Recent dipole measurements and experimental parameters.



The most accurate centlmeter wavelength experiment s the Princeton 12 mm
maser experiment. WIth comparable sky coverage and sensltivity, a fruitful com-
parison can be made. This 1s shown In Table II[. As can be seen, the two data
sets are In good agreement for the quadrupole parameter llinits. The dipole
directlons are virtually ldentlcal (wlthin 3°). The dipole amplitudes are com-
pared below.

TABLE IIT

COMPARISON BETWEEN 3 MM AND 12 MM FITS
Values in thermodynamiz temperature for T=27 K

COEFFICIENTS 3 MM' DATA 12 MM? DATA
T, -3.35 £ 0.17 -3.01 £+ 0.17
T, 0.71 4+ 0.10 0.56 £ 0.09
T, -0.35 + 0.08 -0.28 4 0.09
75 -3.37 £ 0.17 -3.07 + 0.17
T, 0.69 + 0.09 0.67 £ 0.09
T, -0.42 + 009 -0.45 + 0.090
Ql 0.10 4- 0.09 0.15 4+ 0.08
(4 0.15 + 0.10 0.15 4+ 0.11
Qs 0.12 + 0.11 0.14 = 0.07
Q. -0.09 + 0.09 . 0.06 £ 0.11
Qs 0.08 + 0.08 -0.01 + 0.07

'Ezcludes data within 5° of the galgctic plane.

iFizaen, Cheng end Wilkinson (1 959},

Errora include calibration.

Table III - Comparison of 3 mm (this work) with 12 mm (Fixsen 1982) results. Errors

include calibration errors. The values are in thermodynamic temperatures, assuming a
T = 2.7 K blackbody.

14. - DIPOLE COMPARISON

As dlseussed bhefore, comparlng measurements of the dlpole at dlfferent
wavelengths can yleld Informatlon about the spectrum of the radlatlon. Figure
12 shows the amplitude of varlous dipole measurements. As can be seen even at
slmllar wavelengths, there Is some dlsagreement. This may be partly due to the
lack of inflight calibration, for some early measurements, as well as the lack of
good sky coverage. Callbration 1s a severe problem for the broadband bolometer
experlments, where even ground callbratlon ls difficult. These problems will 1lmit
the usefulness of this comparison.

Glven a partlcular spectrum T4 (v), we can test the hypothesls that the
veloclty vectors determlned by two ex

measuring the same physlical effect) or that the difference 1n veloclty vectors Is
zero. It can be shown that

S=dTE17,

where



DIPOLE MAGNITUDE

Thermodynamic Temperature (mK)

0 100 . 1000
Frequency (GHz)

Fig. 12. - Recent. dipole measurements. This work at 80 GHz. Other data are Boughn,
Cheng and Wilkinson (1981); Smoot and Lubjn (1879); Fixsen, Cheng and Wilkinson
(1983); Halpern (1983) and Fabbri et al. (1980).

3:{7’1—3’2 and E=E, +E,
Is distrlbuted llke a chl square with 3 degrees of freedom (Martln 1971; Goren-

steln 1978). Here J,, and B, are the two measured veloelty vectors and E, and E,
are the assoclated error matrices. Glven a spectrum T, (v), the spectral Index
afv) can be determined. From TA?EU) and a(v) the veloclty vector § can be

Inferred from the measured dipole A 4 uslng:
AT, = T, (3-a)F .

With the veloclty vector ? the above test can be performed. Uslng the Princeton
12 mm data to compare our data to 1s summarized In Table IV, The test Indi-

cates a general agreement with a 2.7 K blackbody but 1s lneoncluslve with regard
to the Woody and Richards data (Lubln ef al. 1884).

15. - FUTURE

Anlsotropy measurements have Increased In sensltlvity by about three orders
of magnitude slnce they were started nearly twenty years ago. The major
emphasls has been on Ilmproving the sensltlvity of the instruments since thls was
the lmliting factor. Now, partlcularly for the very large scale ( §> 30 ) measure-

ments, galactlc emlsslon Is becoming a serlous source of error. Currently the
uncertalnty in the first few spherical harmonle terms Is about 100 uK. Reduclng
this by another order of magnltude wlill be difficult regardless of the system sensl-
tlvity unless fundamental advances are made 1n our understanding of galactic
emlsslon. Multiple frequency measurements are critical for this. Accurate absolute
callbration will also be needed at about the 1% level to fully explolt the data



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, -2.96 0.17 1 01 011 | T, -272 0.14 1 010 -0.04

T, 055 009 1 018 | T, 051 008 1 0.12
T, 028 0.9 1 T, -033 008 1
Spectrum Confidence Level
27K 35%
30K 65%
27K @ 12mm, W — R @ 3mm' 3%
10K @ 12mm, W — R @ 3mm'" 49%

‘measured antenna temperature.

. . €, . L]
tcorrelation coefficient = . & SITOT matrix \/¢;= error in T, or 4, .

ii€j
"W — R fit to data of Woody and Richards 1979 see tex1,
'Fixsen, Cheng and Wilkinson, 1983.
This 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 different measurements. Relatlve callbratlion stablllty will also be

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

New technologles such as superconducting (SIS) recelvers and ®He bolometer
systems as well as older technologles such as masers, promlise near order of mag-
nltude Increases In system sensitlvity within the next few Yyears wilth the resultant
decrease In observing time for background llmited measurements from months to
days or less. Satelllte observatlons 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 this decade. Within five years

a varlety of background llmlted measurements at different frequencles should be
avallable,
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