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ABSTRACT

The cosmic microwave background (CMB) anisotropy data from theCOBE Far Infrared Absolute Spectro-
photometer (FIRAS) is reanalyzed in light of theWilkinson Microwave Anisotropy Probe (WMAP) observations.
The frequency spectrum of the FIRAS signal that has the spatial distribution seen byWMAP is shown to be
consistent with CMB temperature fluctuations well into the Wien region of the spectrum. The consistency of
these data, from very different instruments with very different observing strategies, provides compelling support
for the interpretation that the signal seen byWMAP is temperature anisotropy of cosmological origin. The data
also limit rms fluctuations in the Comptony parameter, observable via the Sunyaev-Zeldovich effect, toDy !

(95% confidence level) on∼5� angular scales.�63 # 10

Subject headings: cosmic microwave background — cosmology: observations

1. INTRODUCTION

The spectrum of the anisotropy observed by theCOBE Dif-
ferential Microwave Radiometers (DMR) was examined by
Fixsen et al. (1997) using theCOBE Far Infrared Absolute
Spectrophotometer (FIRAS) data and found to be roughly con-
sistent with thermal emission. The recent results of theWil-
kinson Microwave Anisotropy Probe (WMAP; Bennett et al.
2003b) offer several advantages in this examination. First,
WMAP has a small beam, so the comparison can be made on
the angular resolution of the FIRAS instrument. Second, the
WMAP data have lower noise, so comparison will have lower
noise. Third, theWMAP results have an improved Galaxy
model (Bennett et al. 2003c), which allows both larger sky
coverage and reduced systematic errors. Each of these improves
the comparison, so the new result has less than half of the
uncertainty of the former result.

TheWMAP (Bennett et al. 2003a and references therein) was
designed to measure anisotropy in the cosmic microwave back-
ground (CMB) temperature on∼0�.2 and larger angular scales.
The precise measurement of anisotropy provides important in-
formation on conditions in the early universe. The signal seen
by WMAP is widely interpreted to be of primordial cosmolog-
ical origin. As such, it provides key information on gravitational
potential fluctuations in the early universe that presumably
served as the seeds for the formation of large-scale structure.
The primary evidence that the anisotropy is cosmological arises
from a spectral analysis of the fiveWMAP frequency channels
at 22.77, 33.02, 40.72, 60.75, and 93.53 GHz. Cosmological
anisotropy is predicted to have a Planckian spectrum of the
form , where KI(n) p B(n, T ) � DT�B(n, T )/�T T p 2.7250 0

is the mean temperature of the CMB (Mather et al. 1999),
is the Planck function at temperatureT, andB(n, T ) DT p

is the temperature anisotropy in a given direction in theT � T0

sky. TheWMAP anisotropy data are consistent with a Planck
spectrum and are inconsistent with any known Galactic emis-
sion (Hinshaw et al. 2003). However, the frequency range cov-
ered byWMAP is relatively limited, and observations of the
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anisotropy into the Wien region of the spectrum strengthen the
view that the anisotropy is due to temperature fluctuations in
the CMB.

The FIRAS instrument aboard theCOBE satellite (Mather et
al. 1994) was designed to measure the spectrum of the CMB.
The FIRAS observations demonstrate that the spectrum of the
uniform (monopole) component of the CMB is Planckian to 50
parts per million (ppm) of the peak radiation intensity (Fixsen
et al. 1996). Moreover, the CMB dipole exhibits a Planck spec-
trum ( ) to high precision (Fixsen & Mather 2002 and ref-�B/�T
erences therein). In this Letter we reassess the spectrum and
spatial distribution of the higher order anisotropy in the FIRAS
data.

The measurement of the anisotropy spectrum is difficult be-
cause the intrinsic anisotropy is weak, roughly one part in 105

of the intrinsic CMB brightness, and near the limits of the
FIRAS sensitivity and stability; i.e., it is difficult to make ab-
solute measurements of the CMB that are stable to 0.001%
over the course of a year of observations. In addition, in the
Wien region of the spectrum the signal becomes dominated by
emission from interstellar dust. To overcome these difficulties
our analysis employs data from the Diffuse Infrared Back-
ground Experiment (DIRBE) instrument to characterize the
dust that would otherwise confuse the measurement. The
WMAP data provide the spatial distribution of the anisotropy,
which effectively modulates the FIRAS spectral data, signifi-
cantly reducing the systematic effects.

The WMAP and DIRBE maps convolved with the FIRAS
beam are used as spatial templates to which the FIRAS data
are fitted. The result is a mean spectrum per map of the emission
traced by that map. The mean spectrum corresponding to the
WMAP anisotropy is compared with the Planck spectrum given
above.

2. THE DATA

The FIRAS data consist of spectra between 2 and 21 cm�1

(0.5 cm to 480mm wavelength) in each of 6063 pixels on the
sky (there are 6144 pixels in the full Quadcube sky; O’Neill
& Laubscher 1976). They were calibrated using the method
described by Fixsen et al. (1994), with the improvements noted
by Fixsen et al. (1996). A weighted average of all of the low-
frequency FIRAS data was used. The FIRAS data have 7�
angular resolution, as measured by its FWHM, but it is not
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Gaussian; the FIRAS beam more closely resembles a top-hat
profile. This admits higher spatial frequencies, which makes
the spatial response of the FIRAS beam closer to a 5� Gaussian
beam. This analysis takes advantage of the full resolution of
the FIRAS beam.

A modification of the “internal linear combination”WMAP
temperature map described by Bennett et al. (2003b) is used.
The “internal linear combination” is a weighted average of all
20 WMAP channel maps designed to remove the foreground
the Galactic synchrotron, free-free, and dust emission contam-
ination. ThisWMAP map was convolved with the FIRAS beam
and converted to Quadcube format in ecliptic coordinates. The
WMAP beams are much smaller (K band 49� to V band 13�),
so neither the repixelization or the details of theWMAP beams
are important on the scale of the FIRAS beam. After convo-
lution, the rms of theWMAP is 39 mK.

The DIRBE data (COBE DIRBE Explanatory Supplement
1997)3 were also convolved with the FIRAS beam prior to
fitting. The long-wavelength DIRBE data were corrected for
low-level emission from interplanetary (zodiacal) dust by in-
terpolating to the response at a solar elongation of 90� corre-
sponding to the FIRAS pointing. This analysis uses the 100
and 240mm DIRBE maps rather than the higher noise 140mm
DIRBE map, although the final results are very similar using
any pair.

3. SPECTRAL ANALYSIS

The FIRAS sky spectra are a function of frequency and
position:S(l, b; n), wherel andb are Galactic coordinates and
n is frequency. Since the data are binned into discrete pixels,
p, and frequencies,n, we write the FIRAS data as . ToSpn

investigate the CMB anisotropy, we model the dominant emis-
sion components in the data by assuming the frequency and
spatial dependences are separable, as follows:

M p u � D d � G g � H h � A a , (1)pn n p n p n p n p n

whereM denotes our model of the dataS. The CMB monopole
is represented by the uniform spectrum ; the CMB dipoleun

anisotropy is represented by the spatial distribution and theDp

spectrum . Galactic emission is modeled using two spatialdn

templates, and , and two spectra and . The spatialG H g hp p n n

template, , is the CMB� anisotropy map from Bennett et al.A p

with an associated spectrum . In this analysis, the spatialan

templates above are fixed and a least-squares fit of the data is
performed to determine the spectra,u, d, g, h, anda, at each
frequency.

The spatial templates , , and are specified as follows.D G Hp p p

The dipole is given by , wherev is the angle betweenD p cosvp

the direction of observation and the dipole direction, (l, b) p
(264�.26, �48�.22) (Bennett et al. 1996). The small differences
(∼0�.3) between theWMAP, FIRAS, and DMR dipole directions
are within their uncertainties and are negligible this analysis.
For the two Galactic templates we use the 240 and 100mm
DIRBE maps convolved to the FIRAS beam profile. The use
of two templates simultaneously allows for modest spatial var-
iations in the Galactic dust spectrum and for a possible far-
infrared background. To give the derived spectra common units
of MJy sr�1, we normalize the spatial templates to be dimen-
sionless. The dipole map is scaled to range from�1 to �1.
The Galaxy maps are scaled such that the average value over

3 See http://nssdcftp.gsfc.nasa.gov/spacecraft_data/cobe/dirbe.

the polar caps ( ) is 1.07, corresponding to the meanFbF 1 60�
of csc over the same region. The resulting Galaxy spectrumFbF
roughly gives the intensity at the Galactic poles.

We normalize theWMAP map to roughly unit rms by di-
viding it by 39 mK, the estimated rms of the anisotropy after
convolving with the FIRAS beam. This allows us to compare
the derived anisotropy spectrum with the previously derived
spectra using consistent units. We denote the normalized map

. The residual systematic errors and the small noise in theA p

WMAP data are ignored in this analysis. Systematic errors are
only evident in this map at the Galactic center, which is ex-
cluded anyway.

For the fit we definex2 to be

2x p [S � M (u, d, g, h, a)]�n pn pn′pp

2#W [S � M (u, d, g, h, a)]/j , (2)′ ′ ′pp p n p n n

wherep and p� are sky pixel indices,W is the inverse of the
pixel-pixel covariance of the FIRAS data, including correla-
tions introduced by the calibration and “destriping” processes,
andjn is the factorable uncertainty of the spectrum at frequency
n, including “glitch” effects (see Fixsen et al. 1996). Thisx2

is minimized independently at each frequency to determine the
mean spectrau, d, g, h, anda. It is important to note that this
fit makes no a priori assumptions about the forms of these
spectra; only their spatial distributions are posited. Note also
that does not affect the best-fit intensity at each frequency,2jn

only the uncertainty estimate. The FIRAS data have been pro-
cessed in such a way as to maintain the separability of the
positional and the spectral uncertainties.

For the discussion following, data with have beenFbF ! 10�
excluded, although other Galactic cuts were examined. Obser-
vations in which the FIRAS beam catches Galactic plane are
complicated both by the details of the pointing and by the
Galactic plane. There are 5010 pixels (∼2�.6 square) remaining
in the data after applying the 10� Galaxy cut and excising the
pixels not observed by FIRAS. The derived spectra and un-
certainties are shown in Figure 1. The correlation matrix of the
elements is given in Table 1. The table shows only modest
correlations between the anisotropic component and any of the
others, as is expected for a random background fluctuation.

The monopole and dipole spectra have been discussed ex-
tensively by Fixsen et al. (1996); this work does not alter any
of their conclusions. The Galactic spectra (Fig. 1c) are the shape
one would expect for dust at∼15 K. The negative spectrum
for the 100mm map is a natural consequence of a frequency
extrapolation that does not account for a varying dust temper-
ature. Indeed, if the dust temperature were constant, the (nor-
malized) 240 and 100mm maps would be identical and the fit
would be degenerate. To study the Galactic dust emission one
should look at the higher frequencies and lower latitudes; here
we are interested only in removing the dust emission.

There is a significant detection of signal correlated with the
WMAP anisotropy (Fig. 1d): the x2 for zero signal is 305 for
43 dof, while a spectrum normalized to theWMAP(�B /�T )n

results gives ax2 of 49. This strongly suggests that the an-
isotropy observed by WMAP, and corroborated by FIRAS, is
due to temperature variations in the CMB.

The effects of the FIRAS gain variations and other nonlinear
effects are entirely negligible because of the small amplitude
of the anisotropy. Most instrumental systematic effects are sup-
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Fig. 1.—Spectra resulting from the fit to fixed spatial templates with 1j
errors. (a) Monopole spectrum with errors magnified by a factor of 200; the
curve is a 2.725 K Planck spectrum. (b) Dipole spectrum; the curve is a
3.36 mK differential Planck spectrum. (c) Galactic spectra; the dashed and
dotted lines are the fits to the 240 and 100mm maps, respectively, and the
points are the sum. (d) Anisotropy spectrum; the curve is the 39mK differential
Planck spectrum predicted byWMAP.

TABLE 1
Correlations of Fit

Uniform Dipole Dust (G) Dust (H) Anisotropy

Uniform . . . . . . . . . 1.000 �0.017 0.341 �0.704 �0.162
Dipole . . . . . . . . . . . �0.017 1.000 0.084 �0.055 0.097
Dust (G) . . . . . . . . 0.341 0.084 1.000 �0.861 �0.096
Dust (H) . . . . . . . . �0.704 �0.055 �0.860 1.000 0.140
Anisotropy . . . . . . �0.162 0.097 �0.096 0.140 1.000

Fig. 2.—Mean anisotropy spectrum, as in Fig. 1d, with the points averaged
in frequency. The uncertainties are 1j. The solid line is the differential Planck
spectrum predicted byWMAP, and the dashed line with error band is the best-
fit Planck spectrum.

pressed in the analysis because of the differences in theWMAP
and FIRAS instruments and scan patterns.

A point near 5 cm�1 appears 4j below the prediction. In
fact it is approximately 3j low (including the correlation of
nearby points). It may also be seen in Figure 1 of Fixsen et
al. (1997), but these are not independent; the same FIRAS data
are used in the construction of both spectra. The probability
that at least one point in the 43 point spectrum is at least this
deviant is 10%, so it may be chance.

Figure 2 shows the anisotropy spectrum along with thepre-
dicted Planck spectrum based on theWMAP data alone. The
data at different frequencies are mildly (∼10%) correlated,
which is accounted for in the spectral analysis.

If we fit the FIRAS spectrum to a Planck spectrum,
, we find correlated rms temperature fluctuations ofa�B /�Tn

K compared with theWMAP value of 39mK.a p 39.5� 2.5m
We can further analyze the spectrum to search for evidencean

of spectral distortions due to the Sunyaev-Zeldovich (SZ) effect
(Zeldovich & Sunyaev 1969), or for signs of residual Galactic
contamination. We fit to a model of the forma a�B /�T �n n

, where2b(�1/2T )Y � ggn B (T ) Y(n, T ) p B(n, T )x/(1 �0 n n D 0 0

and is the dust tem-�xe )[x/ tanh (x/2) � 4], (x p hn/kT ) T0 D

perature. The fit is not very sensitive to this temperature since
the peak is far above the frequencies under consideration. Since
theWMAP temperature map was normalized to have unit rms,
a corresponds to the rms level of Planckian temperature an-
isotropy,b corresponds to the rms level of Sunyaev-Zeldovich

temperature anisotropy in the Rayleigh-Jeans limit, andg cor-
responds to the rms level of dust emission relative to the emis-
sion at the Galactic poles, since the normalizationz is chosen
so the spectrum matches that at the Galactic poles. ForT pD

K, (a, b, g mK, mK, ).15 ) p (39� 3 2� 6 0.012� 0.014
The value ofa is consistent with the measuredWMAP rms of
39mK. There is no evidence for Sunyaev-Zeldovich anisotropy
or residual Galactic signal.

The five WMAP single-frequency rms fluctuation data at
22.77, 33.02, 40.72, 60.75, and 93.53 GHz can be fitted to the
same templates and the results combined with the 43 point
FIRAS spectrum to form a single 48 point spectrum. Whilean

some of the contamination is due to Galactic synchrotron and
free-free emission, these are correlated to the dust so the dust
templates remove much of it (for ). These spectra areFbF 1 10�
fitted for a, b, and g giving (a, b, g K,) p (38.7� 2.5 m

K, ), with K. Treating the SZ0 � 5 m 0.012� 0.014 T p 15D

coefficient as an upper limit, and assuming the SZ signal is
uncorrelated with the primary anisotropy, we conclude that not
more than 10/39, or 25%, of theWMAP variance could be due
to distortions from the Sunyaev-Zeldovich effect at a 95% con-
fidence level. This corresponds to an upper limit ofDT p

mK, or for rms fluc-1/2 �6(10/39) # 39 mK p 18 Dy p 3 # 10
tuations on a∼5� angular scale, consistent with the limit on a
uniform SZ distortion of (Mather et al. 1994)�6FyF ! 15# 10
and the limit of SZ distortion by Bennett et al. (2003c). The
limits obtained here make no assumption about the spatial dis-
tribution of the gas and are based on direct measurements of
the spectrum in the Wien region, where the SZ distortion is
manifest.



L70 FIXSEN Vol. 594

The fit is also sensitive to dust above∼5 K. A limit of 20%
(95% confidence level) is placed on fraction of theWMAP
temperature signal that can come from dust with an2 depen-
dence with a temperature above 5 K. This upper limit is about
1/2 of the CIB at 10 cm�1 (Fixsen et al. 1998).

4. CONCLUSIONS

The mean FIRAS spectrum of the anisotropy observed by
WMAP is consistent with the Planck form, , expected of�B/�T
CMB anisotropy. This result provides direct observational sup-
port for the widely held view that the signal detected by the
WMAP is temperature anisotropy in the CMB.

We have used the anisotropy spectrum to place limits on the
fraction of theWMAP signal that could be due to Comptoni-
zation by hot gas via the Sunyaev-Zeldovich effect or dust. We
find that no more than 25% of the signal seen byWMAP could
be due to the SZ effect or 20% due to dust at a 95% confidence
level. This corresponds to an upper limit on rms fluctuations
in the Comptony parameter of on 5� angular�6Dy ! 3 # 10
scales and rules out models in which the anisotropy is primarily
due to the SZ effect.
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Quadcube format and G. Hinshaw for helpful discussions. This
work was supported by Science Systems and Applications, Inc.
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