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Cosmological parameters from the first results of Boomerang
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The anisotropy of the cosmic microwave background radiation contains information about the contents and
history of the universe. We report new limits on cosmological parameters derived from the angular power
spectrum measured in the first Antarctic flight of the Boomerang experiment. Within the framework of models
with adiabatic perturbations, and using only weakly restrictive prior probabilities on the age of the universe and
the Hubble expansion parameterh, we find that the curvature is consistent with flat and that the primordial
fluctuation spectrum is consistent with scale invariant, in agreement with the basic inflation paradigm. We find
that the data prefer a baryon densityVbh2 above, though similar to, the estimates from light element abun-
dances and big bang nucleosynthesis. When combined with large scale structure observations, the Boomerang
data provide clear detections of both dark matter and dark energy contributions to the total energy densityV tot ,
independent of data from high-redshift supernovae.
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The angular power spectrumCl of temperature anisotrop
in the cosmic microwave background~CMB! is a powerful
probe of the content and nature of the universe. The Dif
ential Microwave Radiometer~DMR! instrument on the Cos
mic Background Explorer~COBE! satellite measuredCl for
multipoles l &20, corresponding to angular scales*7° @1#.
Significant experimental effort by many groups focusing
smaller angular scales, when combined@2–4#, led to theCl
estimates in thel bands marked withx’s in Fig. 1, which
indicate a peak atl;200 @5#. It has long been recognize
that if Cl can be determined with high precision over the
angular scales, parameters such as the total energy de
and baryon content of the universe, and the shape of
primordial power spectrum of density fluctuations, can
accurately measured@6#. The most recently published Boo
merang angular power spectrum shown in Fig. 1 represen
qualitative step towards such high precision@7# ~hereafter,
B98!.

The data define a strong peak atl;200. The steep drop in
power froml;200 to l;400 is consistent with the structur
0556-2821/2001/63~4!/042001~8!/$15.00 63 0420
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expected from acoustic oscillations in adiabatic cold d
matter~CDM! models of the universe, but is not consiste
with the locations and widths of peaks expected in the s
plest cosmic string, global topological defect, and isocur
ture perturbation models@8#. The data at higherl show
strong detections which limit the height of a second peak,
are consistent with the height expected in many CDM m
els.

In this paper, we concentrate on determining a set
seven cosmological parameters that characterize a very b
class of CDM models by statistically confronting the the
reticalCl ’s with the B98 and DMR data. Sample CDM mod
els that fit the data are shown in Fig. 1. These are bes
theoretical models using successively more restrictive ‘‘pr
probabilities’’ on the parameters. A major theme of this p
per is to illustrate explicitly how inferences that are draw
from the CMB data depend on the priors that are assum
Some of these priors are quite weakly restrictive and
generally agreed upon by most cosmologists, for exam
that the Universe is older than 10 Gyr and that the Hub
©2001 The American Physical Society01-1
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constantH05100h km s21 Mpc21 lies between 45 and 90
More strongly restrictive priors rely on specific measu
ments, e.g., the Hubble Space Telescope~HST! key project
determination ofH0 to 10% accuracy@9# and the determina
tion of the cosmological baryon density,vb[Vbh2, to 10%
@10,11#.

In @7#, we applied a ‘‘medium’’ set of priors to the B9
power spectrum to constrain a six cosmological param
model and found a 95% confidence limit forV tot of 0.88
,V tot,1.12. Row P0 of Table I shows the result for our fu
seven parameter set with a similar medium prior~here taken
to beh50.6560.1,vb50.01960.006, with Gaussian error
for both!. As we progress through the table, we show
effect of either weakening or strengthening the prior fro
this starting point.

Two of our parameters are fundamental for describing
physics of the radiative transport of the CMB through t
epoch atz;1100, when the photons decoupled from t
baryons. These arevb and the CDM densityvc[Vch

2. The
acoustic patterns at decoupling are related to the sou

FIG. 1. ~Color! CMB angular power spectra,Cl[ l ( l
11)^uTlmu2&/(2p), where theTlm are the multipole moments o
the CMB temperature. The solid~green! circles show the B98 data
The magenta x’s are a radical compression of all the data prio
B98 into optimal bandpowers@2–4#, showing the qualitative im-
provement provided by B98 except in thel &20 DMR regime,
where the COBE data are represented as a single bandpower~open
black circle!. ~Note that the B98 and prior CMB points atl 5150 lie
on top of each other.! The smooth curves depict power spectra
several maximum likelihood models with different priors chos
from Table I, with (V tot ,vb ,vc ,VL ,ns ,tc) as follows: P1, short
dashed line,~1.3,0.10,0.80,0.6,0.80,0.025!; P4, dot-dashed line
~1.15,0.03,0.17,0.4,0.925,0!; P8, short-long dashed line~1.05,0.02,
0.06,0.90,0.825,0!; P11, solid line,~1.0,0.03,0.17,0.70,0.95,0.025!.
These curves are all reasonable fits to the B981COBE data. For
comparison, we plot aH0568, VL50.7 ‘‘concordance model’’
which does not fit ~dotted line labeled C!, with parameters
~1.0,0.02,0.12,0.70,1.0,0!.
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crossing distance at that time,r s , which is sensitive to these
parameters. We fix the density of photons and neutrinos@12#,
which are other important constituents at this epoch. T
observed B98 patterns are also sensitive to the ‘‘angu
diameter distance’’ to photon decoupling, mapping thez
;1100 spatial structure to the angular structure, and, thro
its dependence on geometry, toV tot , the total energy in units
of the critical density. WhenV tot,1 ~open models!, r s is
mapped to a small angular scale; whenV tot.1 ~closed mod-
els!, r s is mapped to a large angular scale.

This mapping also depends upon the density associ
with a cosmological constant,VL , andVm[(vc1vb)/h2,
as well as onVk[12V tot , the density associated with cu
vature. Combinations ofVk /Vm andVL /Vm which give the
same ratio of angular-diameter distance to sound hori
will give nearly identical CMB patterns, resulting in a ne
degeneracy that is broken only at large angular scales w
photon transport through time-varying gravitational pote
tials plays a role. One implication of this is thatVL cannot
be well determined by our data alone, in spite of the h
precision of B98. We have paid special attention to such n
degeneracies@13# throughout our analysis.

The universe reionized sometime between photon dec
pling andz;5. This suppressesCl at small scales by a facto
e22tc, wheretc , our fifth parameter, is the optical depth
Thomson scattering from the epoch at which the unive
reionized to the present.

Our last two parameters characterize the nature of
fluctuations arising in the very early universe, through
power law ‘‘tilt’’ ns and an overall amplitude factor for th
primordial perturbations. The simplest inflation models ha
a nearly scale invariant spectrum characterized byns'1. Of
course, many more variables, and even functions, may
needed to specify the primordial fluctuations, in particu
those describing the possible contribution of gravity wav
whose role we have also tested@14#. For our overall ampli-
tude parameter, we use lnC10 whereC10 is the CMB power in
the theoretical spectrum atl 510. If we wish to relate the
CMB data to large scale structure~LSS! observations of the
Universe, we use lns8

2 as the amplitude parameter, wheres8
2

is the model power in the density fluctuations on the scale
clusters of galaxies (8h21 Mpc).

Our adopted parameter space is therefore$vb ,vc ,
V tot ,VL ,ns,tc ,lnC10%. The amplitudeC10 is a continuous
variable, and the rest are discretized for the purpose of c
structing the model database we use to compare data
theory. The number of values and coverage are: 15, o
0.1<V tot<1.5; 14, over 0.0031<vb<0.2; 10, over 0.03
<vc<0.8; 11, over 0<VL<1.1; 9, over 0<tc<0.5; 31,
over 0.5<ns<1.5. The spacings in each dimension are u
even, designed to concentrate coverage in the regions
ferred by the data and yet still map the outlying regions@15#.
Fast CMB transport programs@16# were used to construc
our Cl databases. Use was made of the angular-diameter
tance degeneracy andl-space compression to reduce the s
and computational requirements needed to construct su
database.

Parameter estimation is an integral part of the B98 ana
sis pipeline, which makes statistically well-defined maps a

to
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COSMOLOGICAL PARAMETERS FROM THE FIRST . . . PHYSICAL REVIEW D 63 042001
TABLE I. Results of parameter extraction using successively more restrictive priors. The confidence intervals are 1s, evaluated using
methods described in the text. The 2s errors are approximately double the 1s values quoted in most cases; upper limits are quoted at 2s. The
quoted values are reported after marginalizing over all other parameters. Note that these combinations are not, and should n
parameters of the ‘‘maximum likelihood’’ best-fit models of Fig. 1. The weakn (0.45,h,0.90) and weak BBN (Vbh2,0.05) priors are
top-hat functions~uniform priors! and both include an additional age.10 Gyr prior. The strong priors are Gaussians with the stated 1s error,
and also have weak constraints imposed on the other variables. P0 is the mediumh1BBN prior used in@7# and described in the text. Th
LSS priors are combinations of Gaussians and top-hats@23#. The SN1a prior~P12, P13! includes LSS as well the SN1a likelihood shown
panel 3 of Fig. 2. P4a and P5a show the small effect of including prior CMB data in our B981DMR analysis; these should be contrasted w
P4b and P5b, the case of prior CMB data alone. Columns 1–5~V tot to VL! are predominantly driven by the CMB data, except forVbh2 and
Vb when the strong BBN prior~P7–P9! is applied. The age column is in units of Gyr. Most of the values in columns 6–10~tc to Age! are
influenced by the structure of the parameter space and should not be interpreted as CMB-driven constraints; exceptions are theVch

2 andVL

results when the LSS prior is applied. An equivalent table that includes an inflation-inspired gravity wave induced contribution
anisotropy@14# yields remarkably similar parameters and errors.

Priors V tot Vbh2 ns Vb VL tc Vch
2 Vm h Age

P0: Mediumh1BBN 1.070.06
0.06 0.0300.004

0.004 1.000.08
0.08 0.080.02

0.02 0.370.23
0.23 0.120.09

0.16 0.250.09
0.10 0.720.23

0.23 0.630.06
0.06 11.91.6

1.6

P1: Entire Database 1.310.16
¯ 0.1000.043

0.031 0.880.09
0.12 0.100.05

0.05 0.530.27
0.22 0.220.16

0.19
¯ 0.810.34

0.34 1.080.39
0.39 7.82.9

2.9

P2: Weakh(0.45,h,0.90)1age 1.150.09
0.10 0.0360.005

0.006 1.040.09
0.10 0.110.04

0.04 ,0.83 0.210.15
0.19 0.240.09

0.08 0.840.29
0.29 0.580.10

0.10 12.72.1
2.1

P3: Weak BBN (Vbh2<0.05)1age 1.160.10
0.10 0.0350.006

0.006 1.030.10
0.10 0.160.09

0.09 ,0.83 0.210.15
0.19 0.190.09

0.10 0.920.33
0.33 0.520.14

0.14 14.63.9
3.9

P4: Weakh1BBN1age 1.150.09
0.10 0.0360.005

0.005 1.040.09
0.10 0.110.04

0.04 ,0.83 0.210.15
0.19 0.240.09

0.08 0.840.29
0.29 0.580.10

0.10 12.72.1
2.1

P4a: Weak and prior CMB 1.010.09
0.09 0.0310.006

0.007 1.060.09
0.10 0.100.04

0.04 ,0.79 0.240.17
0.19 0.180.06

0.07 0.640.23
0.23 0.590.11

0.11 13.41.9
1.9

P4b NO B98: Weak and prior CMB 1.030.10
0.12 0.0240.018

0.017 1.140.13
0.12 0.080.06

0.06 ,0.80 0.290.19
0.16 0.210.08

0.09 0.710.28
0.28 0.600.11

0.11 12.92.0
2.0

P5: LSS & Weakh1BBN1age 1.120.07
0.07 0.0340.005

0.006 0.990.08
0.10 0.100.04

0.04 0.660.09
0.07 0.190.14

0.21 0.140.02
0.03 0.480.13

0.13 0.600.11
0.11 14.51.6

1.6

P5a: LSS & Weal and prior CMB 1.020.08
0.09 0.0300.006

0.007 1.050.08
0.10 0.090.04

0.04 0.470.22
0.18 0.220.16

0.19 0.160.04
0.05 0.570.20

0.20 0.600.12
0.12 13.81.7

1.7

P5b NO B98: LSS & Weak and CMB 1.000.07
0.07 0.0280.015

0.015 0.080.11
0.11 0.080.06

0.06 0.580.17
0.13 0.260.18

0.17 0.140.03
0.04 0.440.15

0.15 0.630.12
0.12 13.81.7

1.7

P6: Strongh (h50.7160.08) 1.090.06
0.07 0.0360.005

0.005 1.050.09
0.09 0.080.03

0.03 ,0.82 0.200.15
0.19 0.260.10

0.08 0.710.27
0.27 0.660.07

0.07 11.61.4
1.4

P7: Strong BBN (Vbh250.01960.002) 1.100.05
0.05 0.0210.002

0.003 0.850.07
0.08 0.070.02

0.02 0.790.30
0.08 0.090.07

0.12 0.080.03
0.07 0.380.21

0.21 0.540.10
0.10 17.72.9

2.9

P8: Strongh1BBN 1.040.04
0.04 0.0210.002

0.003 0.870.07
0.07 0.050.02

0.02 0.750.25
0.14 0.080.06

0.12 0.090.03
0.09 0.280.19

0.19 0.680.09
0.09 15.22.2

2.2

P9: LSS & Strongh1BBN 1.040.04
0.05 0.0220.002

0.003 0.920.06
0.06 0.050.02

0.02 0.660.07
0.05 0.080.06

0.12 0.140.02
0.03 0.390.07

0.07 0.640.08
0.08 14.01.3

1.3

P10:V tot51 & Weak h1age 1 0.0310.004
0.004 0.990.07

0.07 0.060.02
0.02 ,0.78 0.100.07

0.13 0.270.07
0.05 0.570.21

0.21 0.740.09
0.09 10.90.8

0.8

P11:V tot51 & LSS & Weak 1 0.0300.004
0.004 0.960.06

0.07 0.050.01
0.01 0.670.06

0.04 0.090.07
0.12 0.180.02

0.02 0.320.05
0.05 0.790.05

0.05 11.70.4
0.4

P12: LSS & Weak & SN1a 1.080.05
0.05 0.0340.004

0.005 1.020.08
0.09 0.080.03

0.03 0.720.04
0.05 0.230.17

0.19 0.150.03
0.03 0.370.07

0.07 0.700.09
0.09 13.31.3

1.3

P13:V tot51 & LSS & Weak & SN1a 1 0.0300.004
0.003 0.970.06

0.07 0.050.01
0.01 0.690.04

0.02 0.100.07
0.12 0.180.01

0.02 0.310.03
0.03 0.810.03

0.03 11.60.3
0.3
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corresponding noise matrices from the time-ordered d
from which we compute a set of maximum likelihood ban
powers,CB . The likelihood curvature matrixFBB8 is calcu-
lated to provide error estimates including correlations
tween bandpowers. The curvature matrixFBB8 and the
curvature matrix evaluated at zero signal,FBB8

0 , are used in
the offset-log-normal approximation@2# to compute likeli-
hood functionsL(x,yW )5P(CWBux,yW ) for each combination of
parametersx andyW in our database. Herex is the value of the
parameter we are limiting,yW specifies the values of the othe
parameters.

We multiply the likelihood by our chosen priors, and ma
ginalize over the values of the other parametersyW , including
the systematic uncertainties in the beamwidth and calibra
of the measurement@17#. This yields the marginalized like
lihood distribution

L~x![P~xuCWB!5E Pprior~x,yW !L~x,yW !dyW . ~1!
04200
a,
-

-

n

For clear detections, central values and 1s limits for the
explicit database parameters mentioned above are fo
from the 16%, 50%, and 84% integrals ofL(x). When no
clear detection exists, these errors can be misleading, so
these cases we shift to likelihood falloffs bye21/2 from the
maximum, or variances about the mean of the distribut
L(x). The mean and variance are used to set the limits
other ‘‘auxiliary’’ parameters such ash andVm , which may
be nonlinear combinations of the database variables.
good detections the three estimation methods give very g
agreement, and yield 2s errors that are roughly twice the 1s
ones generally reported in this paper.

We have used this method to estimate parameters, u
the B98 power spectrum of Fig. 1 with the COBE bandpo
ers determined by@2# and a variety of priors. The results ar
summarized in Table I; likelihood functions for selected p
rameters and priors are shown in Fig. 2.

In the presence of degenerate and ill-constrained com
nations of parameters, as with CMB data, the edges of
database form implicit priors. We have constructed our
1-3
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FIG. 2. ~Color! Likelihood functions for a subset of the priors used in Table I. Panel 1~top left! shows the likelihood forVk[1
2V tot ; the full database~P1, dotted line! prefers closed models, but reasonable priors~P2, dashed blue line; P4, solid blue line; P0, dot-da
red line; note that P2 and P4 lie on top of one another in every panel in this plot but are distinct in Fig. 3! progressively move towardVk50.
We caution the reader against aggressively interpreting any 2s effects. Likelihood curves forVL are shown in panel 2~top center!. In panels
2 and 4–6, the cases and line types are as in panel 1, except that dot-dashed now denotes the weak1LSS prior, P5. With weak priors applied
there is no significant detection ofVL @P2 and P4, overlapping as solid blue line in all remainingL(x) panels#. Only by adding the LSS prior
is VL localized away from zero@P5, red dot-dash in all remainingL(x) panels#. Panel 3~top right! shows the contour plot ofVk andVL ,
for which the first two panels are projections to one axis. The bold diagonal black lines markVm51 andVm50. The blue contours are thos
found with the weak prior~P4!, plotted at 1, 2, and 3s @24#. Red contours are similarly plotted for the weak1LSS prior ~P5!. SN1a
constraints@25# are plotted as the lighter~black! smooth contours, and are consistent with the CMB contours at the 1s level. Panel 4~bottom
left! shows the contours forvb; the full database analysis results in a bimodal distribution with the higher peak concentrated at ve
values. These highvb models are eliminated by the application of a weakh prior or weak BBN prior~P2 and P4, overlapping as blue here!.
Panel 5~bottom center! shows a localization ofvc for the weakh and BBN prior cases, but this is partially due to the effect of the datab
structure coupling to theh and age priors. Only the LSS prior~P5, red dot-dash! allows the CMB to significantly constrainvc . Panel 6
~bottom right! shows good localization and consistency in thens determination once any priors are applied. The inflation-motivatedV tot

51 priors ~P10, P11! give very similar curves localized around unity. See Fig. 3 for the effect of the database and priors on these
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tabase such that these effective priors are extremely br
This allows us to probe the dependence of our results
individually imposed priors. The choice of measure on
space is itself a prior; we have used a linear measure in e
of our variables@18#. Sufficiently restrictive priors can brea
parameter degeneracies and result in more stringent limit
the cosmological parameters. Artificially restrictive da
bases or priors can lead to misleading results; thus, pr
should be both well motivated and tested for stability. W
therefore regard it as essential that the role of ‘‘hidden p
ors’’ in any choice forCl database construction be clear
articulated.

To illustrate the effects of the database structure and
plied priors, we have plotted likelihood functions found u
ing only the database and priors~and no B98 data! in Fig. 3.
These should be compared with those plotted in Fig. 2 wh
include the B98 constraints, as discussed below. We n
turn to the results found by applying different priors, in t
general order of weakest to strongest applied priors.

Our ‘‘entire database’’ analysis prefers closed mod
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with very highvb , as shown in line P1 of Table I and in Fig
2. The low sound speed of these models couples with
closed geometry to fit the peak nearl;200. These models
require very high values ofh and vb , and have extremely
low ages, so we have mapped out this region using a co
grid. The dual-peaked projected likelihood functions sho
are reflections of the complexity of the full nine-dimension
likelihood hypersurface. We note that parameter combi
tions that appear to have a low probability based on
projected one-dimensional limits can fit the data quite w
e.g., theV tot51 best-fit model of Fig. 1.

Applying weakly restrictive priors~lines P2–P4 in Table
I! moves the result away from the low sound speed mod
to a regime which is stable upon application of more rest
tive priors, as shown in panels 1~top left! and 4~bottom left!
of Fig. 2. Given their gross conflict with many other cosm
logical tests we do not advocate the ‘‘entire database’’ m
els as representative of the actual universe, and we pro
with prior-limited analyses below.
1-4
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COSMOLOGICAL PARAMETERS FROM THE FIRST . . . PHYSICAL REVIEW D 63 042001
FIG. 3. ~Color! Likelihood functions similar to those in Fig. 2, but computed without using the B98 data. These curves show the
of the database constraints and applied priors alone. The identification of the curves is the same as in Fig. 2, with the addition of
magenta curve in panels 2–6, which shows the likelihood given weak priors and the COBE DMR data. In panel 3, only the 1s ~red! contour
is shown for the prior only and prior1DMR cases, while 1, 2, and 3s ~light black! contours are shown for SN1a. The curves for P2~solid
blue! and P4~dashed blue! are slightly separated in this figure, in contrast to Fig. 2, where they overlapped. Of particular interest h
the slope induced acrossVk, the slight localization ofVch

2 with the weak priors, and the significant localization ofVch
2 andns with just

weak1DMR1LSS ~dotted magenta!.
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The analysis with weakly restrictive priors~P2–P4! finds
that the curvature is consistent with flat, while favorin
slightly closed models. The migration towardVk50 as more
restrictive priors are applied, as shown in Table I and
panel 1~top left! of Fig. 2, suggests caution in drawing an
conclusion from the magnitude of the likelihood drop
Vk50. In fact, as is evident from Fig. 1, there are mod
with Vk50 that fit the data quite well. The likelihood curv
simply indicates that there are more models withVk,0 than
with Vk.0 that fit the data well.

We have taken special care to study the effect on
likelihood distributions of choosing a different parametriz
tion of our database. For example, we have investigated
likelihoods that result from a finely gridded database t
usesVc , Vb , andh in place ofVk , vb , andvc to deter-
mine Vk . This second method, restricted totc50 models,
uses these different variable choices, gridding, and a c
pletely different procedure and code which uses maxim
tion of the likelihood over other variables rather than m
ginalization. To compare with this second method, we h
taken the database used for the table and mimicked the
fective priors due to the parameter limits of the second d
base. The results found using these two parametrizations
codes agree quite well—in all cases the likelihood cur
shift by at most a small fraction of their width. For examp
for the applied priors of P2 the 95% confidence limits onV tot
shift from 0.99,V tot,1.24 for the method used in the tab
to 0.94,V tot,1.27 for theVc , Vb , andh method. Due to
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the very steep slope of the likelihood nearVk50, however,
even this small shift changesL(Vk50)/Lmax from 0.2 to
0.8. We also findL(Vk50)/Lmax'0.8 if we use maximiza-
tion, rather than marginalization, in the code used for
table. Additionally, we note that a downward shift of abo
5% in V tot occurs if the 10 Gyr age constraint is remov
from P2. These points, plus the obvious compatibility of t
data with the best-fitV tot51 curve in Fig. 1, reinforces ou
conclusion that there is no significant evidence in the B
data for nonzero curvature. The only valid conclusion
draw from the data that we analyze in this paper is that
geometry of the universe is close to flat.

The baryon densityvb is also well constrained. While ou
results are higher~;3 of our s! than thevb estimates from
light element abundances~e.g., 0.01960.0024, 95% confi-
dence@11#!, it is most remarkable that our entirely indepe
dent method yields a result that is so close to the Big Ba
Nucleosynthesis~BBN! value. The scalar spectral indexns is
very stable once weak priors are applied, and is near
value expected from inflation. This weak prior analysis do
not yield a significant detection ofVL ; the Vch

2 results in
Table I are suggestive of a detection, but are at least in
driven by the weak priors acting on limits of the databa
@19,20# as shown in Fig. 3. The values oftc are in the range
of expectation of the models, but there is no clear detect

Note that the weak priors adopt the conservative rest
tion that the age of the universe exceeds 10 Gyr. With
this, the weakh prior still allows a contribution, albeit re-
1-5
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duced, from the highvb , low sound speed, low age solutio
With the age restriction, this solution is eliminated, and
weak BBN prior (vb<0.05) does not significantly chang
the constraint: thus, the ‘‘weakh1BBN1age’’ ~P4! and
‘‘weak h1age’’ ~P2! rows are essentially identical.

In row P4a, we add a ‘‘CMB prior,’’ which uses the like
lihood calculated using all prior CMB experiments as a pr
for the B981DMR analysis. This likelihood is calculate
using appropriate filter functions, calibration uncertainti
correlations, and noise estimates for use in the offset-
normal approximation@2#. As would be expected given th
errors we compute on the compressed bandpowers of t
experiments in Fig. 1~cf. those for B98!, this CMB prior
only slightly modifies the B98-derived parameters, withns
the most notable migration. Nonetheless, as much prev
analysis of the prior heterogeneous CMB datasets has sh
@21#, reasonably strong cosmological conclusions could
ready be drawn onns andV tot . Row P4b shows results ex
cluding B98, for the weak prior case, through our machine
Thoughns and Vk have detections consistent with the B9
results, no conclusions can be drawn onvb ~though the ‘‘en-
tire database’’ analysis does pick up the highvb ,V tot re-
gion!. We note that iftc'0 is enforced, most variables re
main unmoved, butns , which is well-correlated withtc ,
moves closer to unity: for P4, P4a, P4b, we would havens
50.97, 1.03, 1.02, respectively, and for P5, P5a, P5b,
would havens50.93, 0.98, 0.98. A prior probability oftc
based on ideas of early star formation would help to decre
the ns degree of freedom.

The V tot , vb , andns results are stable to the addition
a prior which imposes two constraints derived from LS
observations@22#. The first is an estimate ofs8

2 that requires
the theory in question to reproduce the local abundanc
clusters of galaxies. The second is an estimate of a sh
parameter for the density power spectrum derived from
servations of galaxy clustering@23#. Adding LSS to the weak
h and BBN priors@P5, and panels 2~top center! and 3~top
right! of Fig. 2# breaks a degeneracy, yielding a detection
VL that is consistent with ‘‘cosmic concordance’’ mode
This also occurs when LSS is added to only the prior CM
data~P5b and@22#!. The LSS prior also strengthens the s
tistical significance of the determination ofVch

2. Panel 3
~top right! of Fig. 2 shows likelihood contours in theVk
[12V tot vs VL plane. Here we have plotted the LSS pri
~P5!, which strongly localizes the contours@24# away from
the VL50 axis, toward a region that is highly consiste
with the supernova type 1a results@25#. Indeed, treating the
SN1a likelihood as a prior does not change the results v
much, as indicated by row P12 and P13 of the table, to
compared with rows P5 and P11, respectively.

The use of a strongh prior alone yields results very simi
lar to those for the weakh case. The strong BBN prior
however, shifts many of the results from the weak BBN ca
Our data indicate a higherVbh2 than BBN, and constraining
it with the BBN prior shifts the values of several paramete
including Vch

2, VL , ns , and Vm . Additional ‘‘strong
prior’’ results ~P8–P11! are shown in Table I, as an exercis
in the power of combining other constraints with CMB da
of this quality.
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A number of the cosmological parameters are highly c
related, reflecting weak degeneracies in the broad but
stricted l-space range that the B981DMR data cover@13#.
Some of these degeneracies can be broken with dat
higher l, as is visually evident in the radically different be
havior of the models of Fig. 1 beyondl;600. To understand
the degeneracies within the context of these data, we h
explored the structure of the parameter covariance ma
^DyiDyj&, both for the database parameters and the o
derived from them. They add motivation for the specific p
rameter choices we have made@26#. Parameter eigenmode
@6,13# of the covariance matrix, found by rotating into prin
cipal components, explicitly show the combinations
physical database variables that give orthogonal error bar
by-product is a rank-ordered set of eigenvalues, which sh
that for the current B98 data, three combinations of the se
parameters are determined to better than 10%@27#.

We conclude that the B98 data are consistent with
predictions of the basic inflationary paradigm: that the c
vature of the universe is near zero (Vk50) and that the
primordial power spectrum is nearly scale invariant (ns
51). The slight preference that the current data show
closed, rather than open, models is not, we believe, a st
tically significant indication of nonzero curvature. A mo
conclusive statement awaits further analysis of B98 da
and/or the results from other experiments, which will i
crease the precision of the measured power spectrum.

We measure a strong detection of the baryon den
Vbh2, a first for determinations of this parameter from CM
data. The value that we measure is robust to the choic
prior, and is both remarkably close to and significan
higher than that given by the observed light element ab
dances combined with BBN theory. Assuming thatV tot51,
we find Vbh250.03160.004.

Finally, we find that combining the B98 data with ou
relatively weak prior representing LSS observations and w
our other weak priors on the Hubble constant and the ag
the universe yields a clear detection of both nonbaryo
matter (Vch

250.1420.002
10.003) and dark energy (VL

50.6620.09
10.07) contributions to the total energy density in th

universe. The amount of dark energy that we measure
robust to the inclusion of a prior onV tot ~shifting to VL

50.6720.06
10.04 for V tot51!, and to the inclusion of the prio

likelihood given by observations of high-redshift SN1
~shifting to VL50.6920.04

10.02 when both theV tot51 and the
SN1a priors are included!. The perfect concordance betwee
the completely independent detections ofVL from the
CME1LSS data and from the SN1a data is powerful supp
for the notion that the universe is currently dominated
precisely the amount of dark energy necessary to prov
zero curvature.

The analysis presented here and in@7# makes use of only
a small fraction of the data obtained during the first Antarc
flight of Boomerang. Work now in progress will increase t
precision of the power spectrum froml 550 to 600, and ex-
tend the measurements to smaller angular scales, allow
yet more precise determinations of several of the cosmol
cal parameters.
1-6
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@2# J. R. Bond, A. H. Jaffe, and L. Knox, Astrophys. J.533, 19

~2000!. The bandpowers used to construct the radically co
pressed pre-B98 spectrum are listed there, except for the@3#

and @4# data which we have also included.
@3# A. D. Miller et al., Astrophys. J. Lett.524, L1 ~1999!.
@4# P. Mauskopfet al., Astrophys. J. Lett.536, L59 ~2000!.
@5# E.g., L. Knox and L. Page, Phys. Rev. Lett.85, 1366~2000!.
@6# E.g., J. R. Bond, G. Efstathiou, and M. Tegmark, Mon. Not.

Astron. Soc.291, L33 ~1997!, and references therein; see al
@22#, for forecasts of LDP parameter extraction performanc

@7# P. deBernardiset al., Nature~London! 404, 955 ~2000!.
@8# R. Durrer, A. Gangui, and M. Sakellariadou, Phys. Rev. Le

76, 579 ~1996!; e.g., B. Allenet al., ibid. 79, 2624~1997!; N.
Turok, U. Pen, and U. Seljak, Phys. Rev. D58, 023506~1998!;
A. Albrecht, R. A. Battye, and J. Robinson,ibid. 59, 023508
~1999!.

@9# W. L. Freedman, Phys. Rep.333, 13 ~2000!; J. R. Mould
et al., Astrophys. J.529, 786 ~2000!.

@10# K. A. Olive, G. Steigman, and T. P. Walker, Phys. Rep.333,
389 ~2000!.

@11# D. Tytler, J. M. O’Meara, N. Suzuki, and D. Lubin, Physic
Scripta~to be published!, astro-ph/0001318~2000!.

@12# TheCl spectra with massive neutrinos are quite similar to th
without, and current data, including B98, will not be able
strongly constrain the value. When the LSS prior is added
the CMB data, however, the combination is quite powerf
e.g., @22#, or W. Hu, D. J. Eisenstein, M. Tegmark, and M
White, Phys. Rev. D59, 023512~1999!.

@13# E.g., G. Efstathiou and J. R. Bond, Mon. Not. R. Astron. S
304, 75 ~1999!.

@14# Gravity waves~GW! can induce CMB anisotropy, and coul
have a separate tilt,nt , and an overall amplitude. They hav
little effect over the range ofl’s that B98 is most sensitive to
but could have an important impact on the amplitude relat
to COBE. To test the role that GW induced anisotropies wo
play, we have adopted the model used by@22#: for ns,1, we
set nt5ns21 and forns.1, we allow no GW contribution.
This presents a fixed alternative, reasonably motivated by
flation, without introducing new parameters. We have fou
that there is a negligible effect on the parameter determinat
in Table I; there is only a very slight migration upward inns .

@15# The specific values of the database variables used for
analysis are: (vc50.03,0.06,0.12,0.17,0.22,0.27,0.33,0.4
0.55,0.8), (vb50.003125,0.00625,0.0125,0.0175,0.020,0.0
0.030,0.035,0.04,0.05,0.075,0.10,0.15,0.2), (VL50,0.1,0.2,
0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0,1.1), (Vk50.9,0.7,0.5,0.3,0.2
0.15,0.1,0.05,0,20.05,20.1,20.15,20.2,20.3,20.5), (ns

51.5,1.45,1.4,1.35,1.3,1.25,1.2,1.175, 1.15,1.125,1.1,1.
1.05,1.025,1.0,0.975, 0.95,0.925,0.9, 0.875,0.85,0.825
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0.775,0.75,0.725,0.7,0.65,0.6,0.55,0.5), (tc50,0.025,0.05,
0.075,0.1,0.15,0.2,0.3,0.5).

@16# U. Seljak and M. Zaldarriaga, Astrophys. J.469, 437 ~1996!,
http://www.sns.ias.edu/;matiasz/CMB-FAST/cmbfast.html;
A. Lewis, A. Challinor, and A. Lasenby, astro-ph/991117
~1999!.

@17# Apart from the seven stated database parameters, we hav
lowed for an estimated 10% Gaussian uncertainty in the c
bration and the beam, which we determine simultaneou
with the overall amplitudeC10, by relaxing to the maximum
likelihood value in these variables. We then determine
Fisher error matrix, assume that the variables are log-norm
distributed, and evaluate a correction to the likelihoods app
priate for marginalization over these ‘‘intrinsic’’ variables. In
cluding the marginalization correction makes little differenc
18 bins were used in creating the power spectrum, but only
were reported in@7# and used here; we have marginalized ov
the 8 extra bins in order to find the corrected likelihood cu
vature matrix for the 12 reported bins.

@18# The choice of measure is not important for strong localiz
peaks, but can potentially affect limits on poorly constrain
variables and on those with complex likelihood functions. O
can argue for logarithmic measures inC10 ~as we have used!
and in vb and vc ~which we have not used!, and there are
certainly philosophical alternatives to linear measures inV tot

and VL . Consider what happens when we turn the ‘‘who
database’’vb likelihood curve of Fig. 2 into a probability
curve if we adopt a logarithmic rather than linear measure:
anomalous peak at 0.1 drops below the ‘‘cosmological pea
at 0.03; once weak priors are adopted, the 0.03 peak is all
is left and it is very stable to changing the measure. Chang
measures usually moves peaks a small fraction of as, al-
though the amount does depend upon relationships to co
lated variables with large errors. The discreteness of our d
base is also a restriction on how accurately we can loca
peaks. For example, our finest gridding inV tot is 0.05 from 0.8
to 1.2; hence accurate localization better than half this spac
should not be expected. When projections are made, the a
able volume of models leads to effective priors as well@19,20#.

@19# The weak prior by itself actually focuses onvc about 0.22,
dropping to either side because ofh and age restrictions. Ou
data do constrainvc further, but not enough to claim a CMB
determination beyond the prior until the LSS prior is include

@20# VL and V tot have a prior probability dropping asV tot drops
andVL rises~see Fig. 3! just becauseVm is positive. There is
a physical effect that also favors the closed models when C
is added. Asvb varies, the sound speed lowers, the pe
moves to higherl, but can be mapped back to our observedl pk

by judiciously choosing anV tot.1. VL.0 moves the peak to
lower l which V tot,1 can also move back to the observedl pk ,
1-7
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but it is a smaller effect. If we had allowedVL,0, closed
models could have done the same, further favoringV tot.1
because of the volume of models available.

@21# E.g., M. White et al., Mon. Not. R. Astron. Soc.283, 107
~1996!; K. Gangaet al., Astrophys. J.484, 7 ~1997!; C. Lin-
eweaver, Astrophys. J. Lett.505, L69 ~1999!; Ref. @22#; G.
Efsthathiouet al., Mon. Not. R. Astron. Soc.303, 47 ~1998!;
S. Dodelson and L. Knox, Phys. Rev. Lett.84, 3523~2000!; A.
Melchiorri et al., Astrophys. J. Lett.536, L63 ~2000!; M. Teg-
mark and M. Zaldarriaga, astro-ph/0002091~2000!; M. Le
Dour et al., astro-ph/0004282~2000!.

@22# J. R. Bond and A. H. Jaffe, Philos. Trans. R. Soc. Lond
A357, 57 ~1999!.

@23# The LSS prior is a slight modification of the one used in@22#.
s8Vm

0.5650.5520.02,20.08
10.02,10.11 is assumed to be distributed as

Gaussian smeared by a top-hat distribution, with the first e
indicating the 1-s error on the Gaussian, and the second in
cating the extent of the top hat about the mean. The constr
from power spectrum shapes involves a combination of sp
trum tilt, ns21, and a ‘‘scaling shape parameter’’G

'Vmh e2„VB@11Vm
21(2h)1/2#20.06… which is related to the horizon

scale when the Universe passed from relativistic to ma
dominance:G1(ns21)/250.2220.04,20.07

10.07,10.08. Both priors were
designed to generously encompass the observations, and s
‘‘weak’’ to ‘‘medium’’ rather than ‘‘strong,’’ in the sense of
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Table I.
@24# The contours plotted atL/Lmax5exp@2$2.30,6.17,11.8%/2#

provide rough indicators of 1, 2, and 3s @13#.
@25# A. Riess et al., Astron. J. 116, 1009 ~1998!; S. Perlmutter

et al., Astrophys. J.517, 565 ~1999!.
@26# Here are some sample correlation coefficients for the weah

1BBN case of Table I: it is relatively small betweenvb and
other database variables but betweenVb andh it is 86%. Simi-
larly, as is evident from the contour map in Fig. 2,Vk andVL

are correlated only at the 41% level, whereasVm andVL are
correlated at the 96% level. Thus, for CMB work it is adva
tageous to useVk as a variable rather thanVm , and hence this
is what we plotted in Fig. 2 rather than the more recogniza
Vm-VL plot. vc andVL have a 75% correlation, not surpris
ing in view of that forVm .

@27# For the P4 case, the best determined eigenmode~to 60.03! is
a combination of slope, amplitude, and Thomson depth; n
~to 60.04! is predominantlyVk , with a judicious negative
contribution from VL , a combination orthogonal to the
angular-diameter distance degeneracy; the third eigenmod~to
60.09! is mostlyvb , with a little contribution from all other
variables. The next three combinations are determined
60.14. The worst~60.4! combination is one ofvc andVL .
Similar coefficients and accuracies hold for other priors, e
cept for distortions in the strong BBN prior case.
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