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Abstract—The problem of obtaining estimates for the cosmic microwave background (CMB) anisotropy spec-
trum when applying the Galaxy-removal procedure is discussed. A method of two-step spatial-frequency filter-
ing that retains the orthogonality of spherical harmonics is proposed. This method is used to analyze the two-
year COBE data. After the analysis of the difference maps containing only noise, the I =7, 9, 13, 23, and 25
multipoles were excluded from the data under consideration because the noise power in these multipoles in the
difference maps turned out to be statistically anomalous. This procedure is shown to introduce no significant
systematic errors for the model noise-spectrum employed. Once the multipoles that are anomalous in terms of
noise have been removed, the analysis yielded a power-law index of the CMB anisotropy power spectrum of
n = 1.84 +0.29 and a quadrupole mean of Q, = 15.22 +3.0. It has been established that the COBE data are not
described by the Harrison—Zel’dovich spectrum at 99% confidence. The need to increase the instrument sensi-
tivity in order to more reliably separate the cosmological component from the microwave background is dem-

onstrated.

1. INTRODUCTION

The large-scale cosmic microwave background
(CMB) anisotropy carries information about the spec-
trum and amplitude of primordial metric perturbations,
and its shape reflects the composition and evolution of
the Universe. Analysis of the spatial CMB spectrum
and its comparison with theoretical models for various
scenarios of the evolution of the Universe provides a
basis for deciphering this information.

Improvement in the sensitivity of CMB experiments
has led to the detection of anisotropy in the microwave
background. As a result, prerequisites for a more thor-
ough study of the physical conditions accompanying
the birth and evolution of the Universe have emerged.
Having high sensitivity and several frequency chan-
nels, the COBE experiment (Smoot et al. 1992; Bennett
et al. 1994) considerably extends our knowledge of the
structure and spectrum of the microwave background.
Unfortunately, the Galactic emission dominates the
microwave background even at millimeter wave-
lengths. The power of the Galactic emission is several
orders of magnitude greater than that expected from the
cosmological component of the background.

This raises the problem of filtering this emission.
Since the bulk of the Galactic emission comes from a
rather narrow region along the Galactic plane, the princi-
pal method is to “cut out” this plane and study the prop-
erties of high-latitude regions (Strukov et al. 1991a, b;
Smoot et al. 1992; Bennett et al. 1994; Gorski 1994,
Gorski et al. 1994; Wright et al. 1994b). However, this

widely accepted technique is quite adequate only in an
analysis of variance of the data. In an analysis of the
spatial spectrum, the orthogonality of spherical func-
tions on the rest of the sphere is lost, and, as a conse-
quence, the harmonics begin to influence each other.
This problem can be partly resolved by introducing a
new basis that is orthogonal only on part of the sphere
(Gorski 1994) or orthogonal only to the monopole and
dipole, whose removal on the incomplete sphere has the
strongest effect on the spectrum (Wright et al. 1994b).
The spectra obtained in this way may differ from the
actual spectra (Bunn ef al. 1994), leading to essentially
different conclusions in the interpretation of the results.

With the advent of multi-frequency experiments,
one would think that it has become possible to directly
separate the blackbody CMB component from the fre-
quency-dependent Galactic emission. However, this
procedure cannot be implemented with the required
accuracy due to variations in the spectral composition
of the Galactic emission.

We propose a method of analysis of the spatial spec-
trum that gives the greatest resolution in the spatial har-
monics without losing their mutual orthogonality.

The technique consists in CMB filtering after a
spherical-harmonic expansion of the radio-brightness
temperature map and involves two filtering steps. In the
first step, spatial filtering is performed—some compo-
nents related to the plane and center of the Galaxy are
excluded from the overall spatial spectrum, resulting in a
considerable reduction in the amplitude of the Galactic
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microwave emission. Only after applying this proce-
dure, is a frequency “cleanup” made in the second step:
several frequency channels are used to filter out the
Galactic background depending on which Galactic-
emission model is chosen. Nowhere do both these steps
lead to the loss of orthogonality of the signal spherical
harmonics. The principal difficulty of the technique lies
in selecting an appropriate Galactic-emission model in
the second step. However, the uncertainty arising from
not knowing the true frequency model of the Galactic
background is significantly reduced after the first step.

We used the freely available two-year COBE data
for the entire sky obtained at frequencies of 31.5, 53,
and 90 GHz as our input data. In addition, we employed
the data from a 19.2-GHz balloon-borne survey kindly
made available to us.

2. METHOD OF ANALYSIS

Reduction of actual observations is almost always
accompanied by one or another type of data censor-
ing—weighting, rejection of extreme values, or cor-
recting for systematic errors, trends, etc. Selection of a
censoring method is based on a priori information
about the properties of the sample being analyzed and
is aimed at improving the stability of the estimates
obtained and bringing the statistical parameters of the
actual data closer to the a priori models used.

In our case, the signal in the microwave map is the
sum of the CMB proper, instrument noise, Galactic
emission, and, possibly, some signal arising from
uncorrected systematic errors. Since it is the cosmolog-
ical signal that we are concerned with, the other com-
ponents should be carefully estimated, considerably
weakened, or completely eliminated. Ideally (in the
absence of Galactic emission and systematic errors),
this procedure cannot significantly affect estimates of
the cosmological-signal parameters of interest.

In the Galactic coordinate system, the Galactic
emission is concentrated near the equator and center of
the Galaxy; it is mainly described by a small number of
spatial harmonics. Removing these harmonics (there
are 23 of them in our case) substantially reduces the
Galactic emission. At the same time, 649 harmonics
remain in the spectrum of the cosmological signal after
applying this procedure, quite sufficient to reliably esti-
mate the parameters of the signal spectrum if the signal
has a Gaussian distribution.

Parameters of the noise inherent in the data being
analyzed must be known precisely or properly esti-
mated if the signal parameters are to be correctly esti-
mated. The presence of anomalies in the noise spec-
trum poses a separate problem. For a moderate signal-
to-noise ratio, the presence of anomalies in the noise
spectrum may have a significant effect on the estimated
parameters. In addition, residual systematic errors may
be responsible for anomalies in the noise spectrum.
In this case, it may prove to be extremely difficult to

construct a statistical model for the anomaly, sharply
reducing the actual accuracy of signal estimation. If the
number of anomalous harmonics is small compared to
the total number of signal harmonics analyzed, the rad-
ical solution of the problem would be to exclude these
anomalous harmonics from the analysis. In our case,
five of 24 multipoles turned out to be anomalous. For
homogeneous statistical data, removing harmonics that
are anomalous in terms of noise is a fairly safe proce-
dure. The reason is that the parameters describing a
Gaussian cosmological signal in the presence of Gaus-
sian noise are only slightly sensitive both to the very
procedure of excluding some harmonics and to the
rejection criterion for anomalous outliers (we consid-
ered outliers exceeding 36 to be anomalous). However,
if there are uncorrected systematic errors in the obser-
vational data, this same procedure substantially
improves the homogeneity of the sample under study
and raises the estimation efficiency. At the same time, if
harmonic removal has a significant effect on the esti-
mated parameters, this may serve as a strong argument
for the hypothesis that the input data are inhomoge-
neous and, consequently, suggest the necessity of using
a particular procedure to reduce this inhomogeneity.

It should be noted that using reduction techniques
that violate the orthogonality of spatial harmonics leads
to a distinct smoothing of the spectrum and may
reduce the amplitude and wash out spectral anomalies.
In this case, actual anomalies can be overlooked and,
as a result, estimates of the signal parameters may be
in error.

‘We made use of the fact that each frequency channel
in the COBE experiment consisted of two identical
receivers (channels A and B) (Wright et al. 1994a).
Based on the COBE data, we constructed the sum map
(half-sum of maps A and B) and the difference map
(half-difference of maps A and B). In the sum map, the
sum of the signal and noise was measured; in the differ-
ence map, there was no signal, and noise alone was
measured.

Further, we excluded the monopole and dipole com-
ponents, as well as the spectral components responsible
for the Galactic emission, from the sum map. Next, the
sum map was additionally “cleaned” of the Galactic
emission. For this purpose, we used the 19- and
31-GHz maps to determine the spectral index of the
Galactic emission and then subtracted the 31-GHz map
from the 53-GHz map with a weighting factor corre-
sponding to the derived spectral index.

Next, we assumed that the cosmological signal and
instrument noise had a Gaussian distribution and that
the shape of the noise spectrum was entirely deter-
mined by the number of measurements at each point in
the sky. On this basis, we used the difference maps to
calculate the parameters of the noise and identify its
anomalous components. Further, we estimated the sig-
nal and its spectral parameters by means of Monte Carlo
simulations and determined the confidence intervals of
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these estimates. The latter procedure was implemented
both for the entire signal spectrum being analyzed
using the procedure of rejecting spectral components
exhibiting anomalous noise. In addition, we tested the
stability of the obtained estimates to the procedure of
rejecting the quadrupole component.

Signal Analysis on the Unit Sphere

A signal on the unit sphere AT(0, @) can be expanded
in spherical harmonics Y; (6, ¢):

AT(8,0) = Y a/'Y, (6, 9);

the signal variance G on the unit sphere is then writ-
ten as

o = HI I = TaTh
I m 1

where AT,2 is the power of the /th spherical harmonic.

In any real experiment, the signal under study a;,"signal
is transformed by its transfer function W, [in our subse-

quent analysis, we use the COBE antenna transfer func-
tion given in Wright er al. (1994a) for W], and some

noise a; yose i added to the signal:

AT(e’ (P) = E(Wlal',nsignal + al’,nnoise)Yl,m(e’ (P)

The cosmological signal on the unit sphere is a realiza-
tion of a random process. In the standard cosmological
scenario, inflation gives rise to adiabatic scalar and ten-
sor Gaussian fields, i.e., the spectrum is assumed to be
arealization of a Gaussian random process in which the

harmonics are independent, {a, a;) ~ &1, k)&(m, n).
If the initial density-perturbation spectrum was
(8p/p)? = Ak", then, taking the Sachs—Wolfe effect for
the ensemble average into account, the low-order mul-

tipoles in the expansion AT(0, @) take the form (Bond
and Efstathiou 1987)

T+ (n—1)/2)L((9-n)/2)

T+ (5-n)/2)T((3+n)/2) M

.2
((a;)) ~

Allowance for other physical factors (evolution effects,
acoustic oscillations, the Silk effect, etc.) results in a
more complex shape of the cosmological spectrum
(White et al. 1994 and references therein). However, in
what follows we will approximate the observed spec-
trum by formula (1). For a quantitative description of
the spectrum, we will use two parameters: the spectral

index n and the quadrupole rms Q,z,,,s =(A T§ ) (this lat-
ter parameter will serve as the amplitude).
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The correlation function of the signal on the unit

sphere C(B) = ((AT(q,))(AT(q,))), 9,9, = cos(B) can be
expressed in terms of spherical harmonics as follows:

C(B) = =3 Picos) Y (@l -

Using the spherical-harmonic expansion, we can
write the cross-correlation coefficient between two
maps (e.g., at 31.5 and 53 Ghz) as

Y al'(1)a]'(2)
p(Mapl, Map2) = Lm

Y @) S@r@)
ILm Lm

Analysis of Spectrum Parameters

Models of cosmological scenarios predict the aver-
age parameters of the CMB fluctuation spectrum,
whereas experimenters have to make do with a single
realization of such a scenario. Furthermore, noise is
always present in actual data. In view of this, the prob-
lem of estimating the spectrum parameters arises. This
problem has already been discussed by Bunn et al.
(1994) and Sazhin ez al. (1995). Here, we give only a
brief outline of this subject as applied to estimation of
not only the signal but also the noise parameters.

Estimates obtained by the maximum-likelihood
method are known to be the most efficient. The problem
of estimating a signal spectrum with a specified shape
can be used to illustrate this fact.

Let the spectrum be described by {(a," ) = Q*F,.

For spectral amplitude Q and specified shape of the
spectrum, the likelihood of our realizing such a spec-
trum can then be expressed in the form of the likehood
function as

1 a.
flam Q|F) = exp( 2 j
me l:n[A/Zn:QzF,m 20°F,,

The maximum-likelihood estimate Q,,; can then be
obtained by solving the equation maximizing the like-
lihood function:

An f(Q|Fum) _

09
00°

2
2 _ Z(alm/Flm) _
QML - ——_M’_ > M = [2 1 >

where M is the number of harmonics used in the analy-
sis. Obviously, this quantity has a X:l distribution with

M degrees of freedom and Q,f,L ~ x,zw. At the same
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time, the amplitude estimate based on the signal vari-
ance 6 on the unit sphere is

N AT}

onwer =
’ Y(arhle=1
02 2
= o .- XNcrr'
on|0=1

2 2
QAT _
Clearly, N = “=———— < M; thus, for the Harri-

Y (AT
son—Zel’dovich spectrum, N = 100 and M = 700 for
lmax = 25, giving an accuracy of the maximum-likeli-
hood and total-power estimates of about 5% and 14%,
respectively.

The above approach can be used to determine the
parameters of the signal spatial spectrum in the pres-
ence of noise. Maximum-likelihood estimation then
reduces to finding the minimum of the functional

m 2

N In(W;{(a(@, 1)) + (1] ngise) )

Lm
. @
(br)
2 2, m 2

Wl ((al(Q7 n)) > + <(al, noise) )
with respect to Q and » for the specified noise spectrum
and the measured spectrum of the signal and noise real-

ization. Here, {(a/(Q, n))?) is a model of the cosmolog-
ical-signal spectrum depending on the sought-after

+

parameters and given in the form (1), (bf" )? is the mea-

sured spectrum defined below, and ((a,',",,(,iSc ) is a
model of the noise spectrum [see formula (3) below]
whose amplitude is found in the same way from the dif-
ference map. Of course, we must allow for the effects
of Galactic-emission “cleaning” and convertion to a
thermodynamic scale on all input quantities. Summa-
tion is performed over the multipoles chosen for the
analysis.

The necessary condition for such estimates is a
knowledge of the measured signal and noise spectra.

Analysis of Noise in the COBE Data

A large number of papers are devoted to the analysis
of noise in the COBE data. Bennett et al. (1994) and
Lineweaver et al. (1994) have discussed the correlation
properties of the noise and have shown that a correla-
tion at a level of 0.45% is introduced by the process of
restoring the sky radio-brightness temperature map
from differential observations between points separated
by 60° (the angle between the COBE horns), and the
noise may be considered to be virtually uncorrelated.

The noise power can be estimated from the difference
maps.

In the first approximation, the noise may be
assumed to be white. However, the accuracy of the
actual measurements varies over the entire sphere.
The orbital configuration of the COBE satellite was
such that the points near the poles of the ecliptic were
observed longer than the remaining points. Let us con-
sider methods of allowing for unequal accuracy of the
measurements.

Let the noise at each point on the unit sphere be
Gaussian with zero mean and variance G%(0, @) =

0'3 /N(6, @), where N(B, ©) is the number of measure-

ments at the point with coordinates 8 and ¢. We may
then propose the following model for the sky noise
spectrum.

If there is a realization of white noise G = Zn,’"Y r,
(n’'nr y=0, {(n")® = n? = const, then the true noise on
the sphere is the product of G(0, ¢) and 1/./N(9, @):

R(6, ¢) = 1/JN(6, 9)G(6, 9) = w(6, ©)G(6, 9).

Following Peebles (1980), we write w(Q)Y," (Q) =
ZI'm' w,'?m' Y;"' (), where

wi” = [dQw@ Y] (@Y7 (Q),

and for the coefficients of the spherical-harmonic
expansion of the true noise function R = Za,',"noise Y
we have a; o0 = zrm,w,';"’ ny . Next, noting that the
harmonics of white noise are uncorrelated, we can

write the covariance for a; ;.. as

m*

<al':1noiseal*, noise>

_ mm' m*m", m m'\ _ 2 mm'  m*m’

= Z Wi Wpp (npnp) =n zwzr Wisr -
I'm' I'm" I'm

The noise power spectrum then finally takes the

form

\ m ‘2 _ .2 l mm|2
<al, noise > =n 2 Wir
I'm

(3)
- nzjdng(g)iylm(g)lz.

Since we use arbitrary weights and not only unit or
zero weights, this expression differs from the result of
Peebles in that it contains the squared weighting factor.

Next, based on the difference maps, we can deter-
mine the amplitude of the noise spectrum thus specified
by the maximum-likelihood method.
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The availability of a model of the noise power spec-
trum makes it possible to analyze the noise spectrum
measured from the difference map. Such an analysis
shows that the noise spectrum is generally well
described both by model (3) and by the white-noise
model, which is the result of a fairly good coverage of
the sky by COBE. However, the same analysis indicates
that individual noise harmonics exhibit an excess
power in both models. Thus, for example, the power in
the noise spectrum of the 31-GHz maps for [ = 13
is greater than the value expected from (3), in which
the expected variation of the corresponding multipole
o, was calculated on the basis of the model and the
number of degrees of freedom of this component, by
3.46,. 3. In what follows, we excluded this and similar
anomalous components from our analysis, i.e., we cen-
sored the spectral harmonics.

The [ =25 components of the noise spectrum exhibit
an anomalously high anticorrelation between the
31- and 53-GHz maps: after subtracting the Galactic
emission, the noise power exceeded the expected value
by 3.30,.,s. The [ = 25 components were also excluded
from the analysis.

We detected considerable deviations from the spec-
ified spectrum at 53 GHz. In view of this, we excluded
those multipoles which showed departures from the
specified spectrum by more than 30, and then
determined the noise parameters from the remaining
components; this procedure was repeated until the
spectrum was free of such outliers. Thus, we succes-
sively removed the harmonics with [ = 7, 23, and 9,
which exhibited deviations of 3.116,_-, 2.636,_,3, and
2.310, - in the input spectrum.

As a result, we analyzed the components from
Lyin = 2t0 [ =22 with the /=7, 9, and 13 components
excluded.

For a Gaussian distribution of the harmonic ampli-
tude, such a censoring procedure affects the spectrum
parameters only slightly. We used numerical simula-
tions, the results of which are presented in Section 3, to
study this problem.

In our analysis of the signal-spectrum parameters,
we neglected the correlation between components of
the noise spectrum and used only the shape of the
power spectrum. In addition, further simulations show
that the results remain unaffected when one goes to
purely white noise.

Selection of a Galactic-Emission Model

Our approach to isolating the cosmological compo-
nent from the microwave background is based on an
attempt to reduce the effect of the lack of exact infor-
mation about the frequency dependence of the Galactic
emission by means of spatial filtering of the data.
The widely accepted Galactic-emission model for the
frequency range analyzed assumes the presence of a
synchrotron component with a frequency dependence

ASTRONOMY LETTERS Vol. 22 No.2 1996

Table 1. Comparison of the effects of spatial filtering (i.e.,
excluding the components with m =0 for [ =2k and m = 1 for
I =2k from [ = 2 to [ = 25 inclusive) on the signal amplitude
for various frequencies

Frequency, Spatial filtering O(a +B)25|O(A-B)2>| Osky»
GHz °l  um Hm Hm
31.5 no 641. 95.92 |634.70

yes 254.79 | 94.52 |239.83
53. no 191.64 | 33.04 |188.80
yes 83.32 | 32.20 76.86

Frequency yes 50.78 | 45.44 22.67

“cleaning”

a=-2.15

Note: The last row gives the signal amplitude after applying spatial-
frequency filtering assuming that the spectral index of the
Galactic emission corresponds to that of ionized-hydrogen
plasma. G4 . gy is the amplitude measured from the half-
sum of two maps (i.e., signal plus noise), G4 _ gy is the noise
amplitude measured from the half-difference of two maps, and
Osyy is an estimate for the signal amplitude on the sky.

of the form T = Tv* c & =—3 + 0.2 and ionized-hydro-
gen emission with o =-2.1 (Bennett et al. 1992). One
may expect spatial variations in the spectral index o if
there are regions along the line of sight with different
emission mechanisms and arbitrary relations between
the components.

Let us try to roughly estimate the contribution of
such variations for some effective value 0. Let the true
value of the spectral index be o = 0y + Ad.. An attempt
to remove the frequency-dependent part from the data
for two frequency channels T, and T, then yields

%o
Vv
-7(3)
Vi

ay+ Ao

8T = T,(:’Q)
1

Thus, the residual-signal power associated with varia-

2

tions in the spectral index is O,

A0X(Inv, /v,)? G,zm,pz. For the frequencies 31.5 and
53 GHz, the residual rms is less than 0.52Aa<5map2, ie.,

the smaller the Galactic-emission contribution to the
high-frequency map, the smaller the residual rms.

It is rather obvious that the bulk of the Galactic
emission comes from regions near the center and plane
of the Galaxy, implying that the components with m = 0
for even multipoles (corresponding to the Galactic
plane) and with m = 1 for odd multipoles (correspond-
ing to the Galactic center) account for the bulk of the
power in the spatial spectrum defined in the Galactic
coordinate system. Consequently, their removal sharply
reduces the effect of variations in a on the isolation of
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Table 2. Mean spectral indices and their variations as determined in various frequency ranges for spherical harmonics

Frequencies, GHz Ols Ao Aty Oy Aoy,
19.2-31.5 -2.13 0.36 0.38 -2.12 0.69
31.5-53.0 -2.27 0.28 0.36 -2.19 0.76

Note: The frequency bands in which the spectral index o was analyzed are in the first column, the spectral index 05 derived from the most
significant components in the spectrum with a signal-to-noise ratio greater than 5 is in the second column, its variationsA0s are in
the third column, the variation Ao,y in the constant spectral index expected from noise analysis is in the fourth column, the weighted
mean spectral index Oy for all harmonics with m # 0 for / =2k and m 1 for [ = 2k + 1 is in the fifth column, and its variations Aoty

are in the sixth column.

the cosmological component. At the same time, this pro-
cedure does not violate multipole orthogonality.

Table 1 gives some data obtained in the analysis of
the corresponding spectra for /;, =2 and [, = 25.

In addition, the last row gives data on the difference
between the 53-GHz channel and the 31-GHz channel
scaled with the spectral index o = —2.15 after applying
the spatial filter. We performed our calculations for
the antenna temperatures without first converting them
to thermodynamic temperatures. The derived value
of Gy, can be accounted for both by the presence of a
cosmological signal and by variations in the spectral
index within Ao = 0.5.

It is very unfortunate that the existing data give no
way of estimating these variations with sufficient accu-
racy, and a many-fold improvement in measurement
sensitivity is required to draw more definitive conclu-
sions.

Based on the freely available high-frequency sur-
veys, we made an attempt at least to estimate variations
in the spectral index. To this end, we used both the
COBE data and the 19.2-GHz survey (Boughn et al.
1992). The spectrum of the 19.2-GHz map was first
reduced to the COBE beam (Wright et al. 1994a). Then,
we used the most significant components of the expan-
sion in spherical multipoles to analyze their frequency
dependence, together with the accuracy of determina-
tion of this dependence from the estimated noise
spectrum.

For the selected signal-to-noise ratio of 5, the data
are presented in Table 2, which gives, respectively, the
frequency bands in which the spectral index ¢ was ana-
lyzed, the spectral index o5 as derived from the most
significant components of the spectrum, its variations
Ao, and the variation of the constant spectral index
Aayy expected from the noise analysis. Also given in the
table are weighted mean spectral indices Oy, derived
from all harmonics for which m #0 for I =2kand m # 1
for | = 2k + 1, and their variations AQy,.

The spectral index 0,;4_3; was found to be systemat-
ically lower in absolute value than 043,_s3. The contribu-
tion of the spectral components for a signal-to-noise
ratio of 5 to the total power was more than 40% at
53 GHz. Only for one spectral harmonic did we find the
spectral index corresponding to the synchrotron com-
ponent of the Galactic emission expected at these

frequencies. This harmonic turned out to be a,,, and
the spectral index is Otjg_3; = —2.86 £ 0.15 and 03,53 =
—2.92 +0.22, respectively.

Analysis of the correlation between different maps
provides an estimate of the mean spectral index lying
within the range o = —(2.2-2.3).

Thus, we may assume that the spectral index is con-
stant and that its measured variations are caused by
instrument noise.

We can draw the following conclusion from our
analysis: for the most significant components of the
Galactic-signal spectrum (except for the component
a,,), the Galactic-emission model can be treated as a
one-component model (with emission from ionized
hydrogen), and the variations in Aot may be taken to
be zero.

We can now define the measured spectrum itself

(b,")? appearing in expression (2) as

-2.15
b = (k(53)—k(31)(3—51%) ]

-2.15
x(a,’"(53 GHz) - al'(31.5 GHZ)(-;I-:%) ]

where k(31)=1./1.025724 and k(53)=1./1.074197 are
the coefficients of conversion from thermodynamic
to antenna temperatures for 31.5 and 53 GHz;

a;" (31.5 Ghz) and a," (53 GHz) are the coefficients of

the multipole expansion of the 31.5- and 53-GHz sky
maps, respectively.

Unfortunately, the experimental sensitivity is not
high enough, and the accuracy of the estimates
obtained is governed by instrument noise. We hope that
the planned Relict-2 cosmic experiment, which is
expected to improve the sensitivity by one order of
magnitude, will make it possible to perform a fairly
reliable analysis of variations in the Galactic-emission
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Table 3. Results of spectral analysis after spatial-frequency filtering of the Galactic emission
Analysis of 2 2 2
M9\ quadrupole | © Avp m? | Oa_p pm? Osiy» b Oz, Hm " M
1 yes (70.28)? (56.76)? (41.44)%+ (14.68)% | 1522+2.9 1.84 +£0.29 446
2 no (68.92)? (56.47)% (39.51)2+(14.65)2 | 15.55+3.8 1.81£0.37 442
3 yes (82.91)? (74.19)? (37.03)% % (17.48)2 18.03 1.31 649
4 no 20.3 1.12 645

Note: The effects of removing the quadrupole components on the final result are presented. The results obtained after excluding the anom-
alous harmonics are compared. The first row corresponds to analysis of the spectrum from! = 2 to [ = 22 with the anomalous har-
monics excluded. The second row gives the same result but with the quadrupole excluded. The third row gives results for the case
where all harmonics from [ = 2 to [ = 25 are used. The fourth row shows the effects of excluding the quadrupole from the analysis.

2. . . . 2. . . . . .
O, . p 18 the total measured power in the given spectral window, G, _p is an estimate of the noise power in the same window obtained

. 2. - . . 2 2
from the spectrum of the difference map, Ogyy 1S an estimate of the cosmological-signal power (Osky=CA+8 ~ O'i _g).Qrandn
are estimates of the parameters of a spectrum of form (1), and M is the total number of harmonics included in the analysis. We assume

that m # 0 for [ = 2k and m # 1 for [ = 2k + 1 throughout.

spectral index and to definitively isolate the cosmolog-
ical signal from the Galactic emission.

3. RESULTS OF ANALYSIS

Our analysis provides estimates of the spatial-spec-
trum parameters assuming a one-component model of
the Galactic emission. We obtained

0,=1522+3.0puK
for the quadrupole and
n=1.84+0.29

for the power-law index for I ;, =2, [ =22, m#0
forl = 2k and m # 1 for [ =2k + 1, and, considering
the peculiarities of the noise spectrum, we removed the
[#7,9, and 13 harmonics.

We used Monte Carlo simulations to determine the
accuracy of the derived parameters and have given rms
errors for the estimates. Our simulations involved the
construction of difference and sum maps and a determi-
nation of the noise parameters in each realization.
The estimates include not only the effects of noise and
its variations but also cosmic variance also taken into
account in the simulations.

In the spatial-frequency window chosen, the mea-
sured power was (70.28 uK)?, the noise estimate was
(56.76 uK)?, and the signal estimate on the unit sphere
was (41.44 uK)? + (14.68 uK)? for the number of ana-
lyzed harmonics equal to M = 446.

We estimated the probability that the measured
spectrum matched the Harrison—Zel’dovich spectrum
for a trivial case with the Doppler peak excluded to be
PH- Z) £1%. The inferences are all based on 1000
realizations of experimental models.

Table 3 summarizes the results of our analysis. Also
given in the table are the results of our analysis of all
harmonics (including the harmonics with anomalous
noise and in the window with /;, = 2 and [,, = 25,
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m#0 forl =2k and m # 1 for l = 2k + 1) and with the
quadrupole component excluded.

We studied the effect of removing individual noise
harmonics separately. In the case where the outliers in
the noise spectrum are caused by systematic errors, the
removal procedure does not bias the estimate, and
results only in an increase in the scatter of the estimates
as compared to the uncensored sample. Our simula-
tions demonstrate the validity of this statement; the
additional variations in the estimates of 0, and n are 0.9
and 0.11, respectively.

At the same time, if the outliers are stochastic in
nature (i.e., we are dealing with a rather unlikely noise
realization), a bias in the estimate of the noise ampli-
tude may arise and, as a consequence, a bias in the esti-
mates of the signal parameters. We simulated this case
as well. Of the noise-spectrum realizations obtained
from the difference map, we considered those in which
the power of individual multipole harmonics exceeded
a given level (specifically, we chose the 2.3G level); we
also simulated the measured signal and noise spectrum.
Then we estimated the signal parameters from the input
spectrum and from the (censored) spectrum with the
outliers and, correspondingly, the biases in the esti-
mates eliminated.

Five hundred realizations of the spectra with outli-
ers (of a total number of 1228 realizations) yielded
the following values: {f.en,or — Py = 0.07 £ 0.08 and
(Ocenzor — Oy = —0.4 £ 0.83. It should be noted that
these estimates are upper bounds because we removed
the spectral components from the input data that were
subsequently used in some linear combination and thus
were additionally normalized, generally reducing the
effect of rejecting the outliers.

Our analysis of the COBE data (see Table 3) shows
that excluding the anomalous harmonics significantly
affects n. For random Gaussian noise, the probability
that such a large difference will arise is less than 0.02%.
Applying the procedure of removing anomalous
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Table 4. Analysis of the parameters of the CMB anisotropy
spatial spectrum obtained by various authors from the two-
year COBE data

Author n Qm _PS
Quadrupole included
+0.49 +5.2
Bennett et al. (1994) 1.42_ 55 12.8_3;

. +0.43 7.5
Gorski et al. (1994) 1.22705 17.0%;
Wright e al. (1994b) 139703
This study 1.84+029 | 152229

Quadrupole excluded
Bennett ez al. (1994) 1.1 1f8‘56£ 15.8:'57"25
Gorski et al. (1994) 10270 | 200797
Wright et al. (1994b), [=3-30| 12570
Wright et al. (1994b), [=3-19| 1.46 "5,
This study 1.81+037 | 15.55+3.8

Note: Our result is given for comparison. The effects of removing
the quadrupole on the final result are shown.

harmonics to the COBE data leads to a sharp reduction
in the dependence of our results on whether or not the
quadrupole component is included in the analysis.
These all may serve as circumstantial evidence for the
necessity of the proposed data censoring.

Based on the derived parameters, we can compute
the expected signal in an experiment similar to the one
that was carried out in Tenerife (Hancock et al. 1994).
Taking the antenna beam to be 5°.5, the antenna sepa-
ration to be 8°.1, and a three-point scheme of measure-
ments, i.e., AT = Ty — (T, + T,)/2, we obtain the follow-
ing values for spectra of form (1) with our parameters
0, and n:

Orenerit = 54.82 UK after performing spatial filtering
with the anomalous components excluded; the same
analysis but with the anomalous components included
yields two estimates:

Grrenerit = 37-22 WK with the quadrupole included and
Grrenerit = 34.47 pK with the quadrupole excluded.

We did not bin the data in 4° regions in our analysis,
which may have somewhat reduced our values. Such a
binning procedure was employed in the Tenerife exper-
iment, yielding the following results (Hancock et al.
1994):

G, = 49 £ 10 pK at 33 GHz, and the sum of the
15- and 31 GHz channels gives 6, = 42 =9 um. Thus,
the cosmological-signal spectrum with our parameters
is in good agreement with an experiment that is sensitive

to higher-order spatial harmonics than in the COBE
experiment.

4. CONCLUSIONS AND IMPLICATIONS

The problem of eliminating systematic effects arises
in virtually any experiment. In CMB anisotropy exper-
iments, such an effect is primarily the Galactic emis-
sion. Conventional techniques for suppressing this
emission (Galactic-plane cut) necessitate a separate
consideration of the procedure of removing the mono-
pole and dipole components from the microwave back-
ground, which, in turn, introduce new systematic errors
but at a lower level. Introducing an orthogonal basis,
together with spatial-frequency filtering of the Galactic
emission, allows these types of systematic effects to be
eliminated. At the same time, it becomes possible to
analyze and remove finer effects that are responsible
for uncertainties in the spectrum parameters. Thus, for
example, assuming that the instrument noise is Gauss-
ian, data censoring cannot result in a statistically signif-
icant difference between the spectrum parameters
derived from the full and censored samples. Such a dif-
ference may arise either from uncorrected residual sys-
tematic effects or from a deviation of the distribution
function from a Gaussian. Even assuming a Gaussian
distribution function, we have to exclude those spectral
components that exhibit anomalous behavior in the
noise spectrum.

Our parameters of the cosmological-signal spec-
trum differ somewhat from those derived in previous
studies that used the same data for analysis.

This difference is more likely a result of removing
harmonics exhibiting anomalous noise than of spatial-
frequency filtering of the Galactic emission. The har-
monic exclusion became possible because the spherical
harmonics retain their orthogonality.

In all probability, the sensitivity of the results to the
quadrupole component noted earlier by a number of
authors (see Table 4) is also a result of the influence of
anomalous noise components.

The results obtained by different authors from anal-
yses of the two-year COBE data are summarized in
Table 4. In addition, we may recall a comparison of the
Tenerife experiment with the first-year COBE data
given by Hancock et al. (1994), in which it was found
thatn=1.7.

Thus, our value of » is slightly greater than the esti-
mate obtained by other authors and is more accurate.

It should be noted that nobody appears to have ana-
lyzed the spectral properties of the noise maps in detail
before. Gorski et al. (1994) used only the mean noise
parameters assuming their distribution to be Gaussian
in order to obtain estimates. For their estimates, Wright
et al. (1994b) used the spectrum of the difference maps,
but the basis that they introduced was not quite orthog-
onal. In their analysis, Bennett et al. (1994) considered
the correlation function on part of the unit sphere. In the
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latter two cases, the orthogonality of the basis functions
is lost, and the power is a mean of adjacent harmonics,
making it impossible to analyze the noise spectrum in
detail.

Our next result that differs from the previously pub-
lished results is the rejection of the trivial n =1 Harri-
son—Zel’dovich spectrum with 99% confidence.

As a consequence, models with a large A term
turn out to be highly unlikely, while open models with
Q < 1 prove to be more probable if we assume that the
initial density perturbations are governed by the power
law-index n = 1 (Kamionkowski and Spergel 1994).
Our result also lends support to the existence of bary-
onic entropy models (Sugiyama and Silk 1994). At the
same time, models with a more complex inflation
potential giving n > 1 on the scales under study should
not be ruled out (Starobinsky 1992; White et al. 1994
and references therein).

It should be emphasized, however, that the accuracy
of spectrum-parameter determination is not yet high
enough draw more definitive conclusions. Besides, we
can see that the results we have obtained depend
heavily on the particular estimation method used and
on the accuracy of the noise determination. Unfortu-
nately, even the four-year COBE observations of the
entire sky, which, we hope, will soon be available, will
not improve the situation drastically. First, the sensitiv-
ity needs to be increased by at least one order of mag-
nitude, as will be achieved in the planned Relict-2
experiment. It will then be possible to achieve an accu-
racy of estimation of the power-law index n on the
order of 5-7%; such accuracy will be governed by the
cosmic variance alone rather than by instrument noise
(Sazhin et al. 1995). Second, the angular resolution of
CMB experiments needs to be improved with a simul-
taneous increase in the degree of sky coverage (Scott
et al. 1994). Since the current intermediate- and small-
scale studies provide information about only a few
points in the sky, their results are highly susceptible to
variations in the cosmological spectrum.
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