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We perform a detailed analysis of the latest cosmic microwave backgf@MB) measurement$ncluding
BOOMERaNG, DASI, Maxima and CBJlboth alone and jointly with other cosmological data sets involving,
e.g., galaxy clustering and the Lyman Alpha Forest. We first address the question of whether the CMB data are
internally consistent once calibration and beam uncertainties are taken into account, performing a series of
statistical tests. With a few minor caveats, our answer is yes, and we compress all data into a single set of 24
bandpowers with associated covariance matrix and window functions. We then compute joint constraints on the
11 parameters of the “standard” adiabatic inflationary cosmological model. Our best fit model passes a series
of physical consistency checks and agrees with essentially all currently available cosmological data. In addition
to sharp constraints on the cosmic matter budget in good agreement with those of the BOOMERaNG, DASI
and Maxima teams, we obtain a heaviest neutrino mass range 8.24eV and the sharpest constraints to date
on gravity waves whiclftogether with preference for a slight redjtifavor “small-field” inflation models.
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[. INTRODUCTION tension between data sets pulling in different directions. Al-
though numerous such studies have been performed in the
The recent discoverl—3] of multiple peaks in the cos- recent literature, e.g.6—25|, the dramatically improved pre-
mic microwave backgroun@MB) power spectrum marks a cision allowed by new BOOMERaNd1], DASI [2],
major milestone in cosmology. Confirming the 1970 predic-Maxima [3] and CBI [26] data makes it worthwhile and
tions of Peebles and Y4] and Sunyaev and Zeldovidh], timely to revisit this issué.The present work extends the
it greatly bolsters the credibility of the emerging standardsolid recent analyses of the experimental tedh29,30
model of cosmology, and allows many of its free parametersgnainly in the following ways:
to be measured with a precision that cosmologists have yet to (i) Inclusion of more parameters allows us to place con-
get accustomed to. straints on neutrinos and gravity waves and to quantify the
This new precision also offers new opportunities for con-additional degeneracies that they introduce.
sistency tests, both for systematic errors that might affect (ii) Joint analysis of all CMB data allows us to place
individual measurements and for incorrect assumptionstronger constraints and perform consistency tests.
about the underlying physical processes. The goal of the (iii) Inclusion of explicit power spectrum modeling for the
present paper is to carry out these two types of tests. galaxy clustering and for the Lyman Alpha Forest allows
We begin in Sec. Il by testing measurements of the CMBstronger constraints and important new cross-checks.
power spectrum for consistency with a series of quantitative
statistical tests, including the effects of calibration and beam
uncertainties. Since the customary plot of available measuret. |S THE CMB STORY CONSISTENT? COMPARING AND
ments has now evolved into a bewildering zoo of over 100 COMBINING MEASUREMENTS OF THE ANGULAR
band power measurements which is increasingly difficult to POWER SPECTRUM
interpret visually because of calibration and beam effects, we ) ) . .
perform an essentially lossless data compression of all data !N this section we test the CMB data for internal consis-
into a single set of 24 bandpowers with associated covaritency and combine them into a single set of band powers,
ance matrix and window functions, useful as a starting poinfalibrating the experiments against each other.
for parameter fitting.
In Sec. lll, we compute quantitative constraints on the 11
parameters of the “standard” adiabatic inflationary cosmo- A. CMB data
logical model in a variety of different ways, using data from,  Figure 1 shows the 105 band power measurements used in
e.g., the CMB, galaxy clustering, the Lyman Alpha Forest,our analysis. Starting with the data tabulate@df], we have
big bang nucleosynthes{8BN) and Hubble constant mea- added the new measurements from ¢B], QMASK [32],
surements in various combinations. This enables us to iderBOOMERaNG [1], DASI [2] and Maxima [3]. Since
tify a number of parameter constraints that are robust and
consistent with all data, as well as areas where there is slight——
INumerous additional multiparameter studies were submitted after
the present paper, the most similar in focus being those by the 2dF
*Email address: xiaomin@hep.upenn.edu redshift survey teami27,2§.
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wherex is a vector containing the true power spectrum co-
efficients 5T|2 up to some sufficiently large multipole,,y,

the window function matriXxV encodes the angular sensitiv-
ity of the measurementghe rows of W sum to unity and
the noise vecton represents all forms of measurement error.
We model the errors as random with zero meg@r) € 0) and
with a covariance matriN=(nn') that is the sum of four
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ﬁ | corresponding to basic measurement errors, source calibra-
20 Apvtn Ogoolis - tion errors, instrument calibration errors and beam errors,
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rather than additive. Below we will make the approximation

that the relative errors are smak€(). In this limit, N re-
FIG. 1. CMB data used in our analysis. Error bars do not in-duces to a known matrix independentofExplicit expres-

clude calibration or beam errors which allow substantial verticaiSions for the four matrices in E() are given in the Appen-

shifting and tilting for some experiments. dix.

GivenW, N andy, it is straightforward to invert Eq.1)

. to compute an estimate of the underlying power spectcum
QMASK combines the SaskatodB3] and QMAP|34-3¢ This problem is mathematically identical to that involved in

datasets, these have been omitted. A recent data review SvB mapmaking[44,45 except that the matrices involved

given in[37]. _ are small enough to be trivial to manipulate numerically. As
The success of experimental CMB work has made datd ,, estimator ok we use

plots such as Fig. 1 increasingly bewildering and difficult to

interpret. Not only do many data points with widely different X=[WIN~2W] WIN~ly, 3)

error bars overlap, but important correlations due to calibra-

tion and beam uncertainties are difficult to visualize graphi\yhich can be shown to be unbiase¥=x), to minimize
cally and tend not to be included in the plotted error barsthe rms noise in each power band and, if the noise properties
The obvious solution to this problem is some sort of dataare Gaussian, to retain all information about the true power

compression. spectrunmx from the original datay [44]. The corresponding
A radical but common example of this is to simply throw ~qyariance matrix of the noise=x— x is

away most of the data and show or analyze only one or two

experiments, often the most recent. This is not ideal, how- S=(ee"y=[WN"W] . (4)

ever, since it is both wasteful of information and lacks an

objective criterion for data culling. Moreover, some of the The resulting power spectruris shown in Fig. 2 and listed

most accurate and thoroughly systematics-tested measurgr Table 12

ments on large scales still come from older méghe Cos- When computing this spectrum, we did not treat the

mic Background ExplorefCOBE) [38] and QMASK[39]].  power as an independent parameter at each multipole.
A more desirable alternative is to average the data toRather, we treated the power spectrum as piecewise constant,

gether somehow, into a single measurement of power oparametrized by its heigh in the 24 bands listed in Table I.

each angular scale. Such CMB data compression has be&f\,ce our compressed band powgrare simply linear com-
performed by many authors, e.410,31,40-42 and can pinations of the original measurements we are able to

retain aI_I cosmological information provided that Fhe NeW compute their window functions exactly by taking the same
power bins are narrow enough to not smooth out importanfnear combinations of the rows o from Eq. (1). Our
power spectrum features. However, such compression throws,yyressed data set can therefore be analyzed ignoring the
away any evidence for discrepancies between experimeniuails of how it was constructeinoring the first column

that may have been present in the full data set, SO it is iMa¢ Tapje ) viewed as simply the window matrix times the
portant to complement the averaging by consistency checkg, o power.

Multipole 1

The characteristic widths of these window functions are
B. Combining experiments reflected by the horizontal bars in Fig. 2 and listed in the
Let us group the power measurements at hésay the table; the exact windows are available on the website cited
105 measurements &T? from Fig. 1) into a vectory. We
will model this as
2The corresponding covariance matri¥ is available at
y=Wx+n, (1)  www.hep.upenn.eda/max/cmb/experiments.html
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TABLE I. Band powers combining the information from all 105
CMB data points from Fig. 1. The second column gives the medians
and characteristic widths of the window functions as detailed in the
text. The spectrum was computed treatifit’ as constant in the

80 - -

L —1-,}, ] bands listed in the first column. The error bars in the third column
60 | - include the effects of calibration and beam uncertainty. The full
'_}' + 24X 24 correlation matrix and 242000 window matrix are avail-
able at www.hep.upenn.edumax/cmb/experiments.html
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FIG. 2. Combination of all data from Fig. 1. These error bars

include the effects of beam and calibration uncertainties, which22& 275 249}2‘2‘ 41827637
cause long-range correlations of order 5%—-10% over the peaks. /6325 298 2 2756+428
addition, points tend to be anti-correlated with their nearest neigh32€r 375 35132 1630279
bors, typically at the level of a few percent. The horizontal bars give376—425 39857 1286+221
the characteristic widths of the window functiofsee text 426- 475 45073} 1549+ 232
476-525 499" 21 1789+270
in footnote 2% This correlation matrix includes the residual 5o 575 549°2! 2021+ 290
effects of calibration uncertainty and beam errors. Thesg,g_gog 600" 2L 1711+ 284
long-range correlations are found to be moderate, typically,¢ -5 649" 21 1594+ 285
of order 5-10% over the peaks, which shows that the exz-. - 70£§§ 1750+ 332
periments have to a certain extent been calibrated off of ea 6-775 749+§} 1290+ 330
other. In addition, there tends to be a slight anticorrelation776_ 805 800;%% 1912+ 462
between neighboring points, typically at the level of a few S22
percent, as the power spectrum inversion performs a sligiﬁ%_ 875 850153 24287563
deconvolution of the input window functions from the ex- 876-925 90023 1993+653
periments used. 926-1025 966" 59 1004+ 557
One interesting feature of Fig. 2 is that it shows both thel026-= 1149°¢ 205134

first and second peak somewhat lower than a large fraction of
the data. Indeed, the preferred recalibrations for all five . - .

multiband experiments flagged in the following subsectionBog(;\/l%I r:jowr;] bepause of its Star;usnf:i: We'ghtf around
are downward. To understand the origin of this effect, we_ 100 Although Fig. 1 suggests that influence from, e.g.,

performed a series of tests where the combined spectrum WJ?CO around the first peak might raise BOOMS98, this pull

recomputed with one or more experiments omitted. The ex'> weaker because of TOCO calibration uncertainties and
ince error bars are overall smaller out at the second peak.

planation centers around the BOOM98 data, which combines, . > ; ;
a sharp constraint on the relative heights of the first two h|s.somewhat low normalllzatlon persists even if any one of
peaks(even taking the beam uncertainty into accourith a Maxima, DASI or QMASK is excluded from the analysis.
relatively large overall calibration uncertainty. Since both ] )
Maxima and DASI(with one exceptionhave points with C. Comparing experiments
small error bars below BOOM98 around the second peak, Since the combined power spectrum presented above is
they pull the BOOMO8 calibration down. QMASK also pulls only as reliable as the data that went into it, let us now test

these data for internal consistency.

As mentioned above, Edl) is analogous to the CMB
3The horizontal location of a data point in Fig. 2 corresponds tomapmaking problem, which means that all methods devel-

the median(50% quantilg¢ of the absolute value of its window oped for comparing and combining maps can be applied to
function. We use absolute values to be pedantic, since some witomparing and combining power spectra as well. Given two

dows go slightly negative in places, although this makes a neglipower spectrum measuremegtsandy, modeled as in Eq.
gible difference for the plot. The horizontal bars to the left and right 1), e.g., as

extend to the 20% and 80% quantiles, respectively, indicating the

characteristic window function width. These quantiles correspond yi=WiXx+ny, Yo=W,oXx+n,, (5)
to the full-width at half-maximum(FWHM) for a Gaussian win-
dow. we wish to know whether they are consistent or display evi-

123001-3



XIAOMIN WANG, MAX TEGMARK, AND MATIAS ZALDARRIAGA PHYSICAL REVIEW D 65123001

vl ]
i/ ]
Ly ;
,'/ ]
_ '
\“: \ :/
\ ,/

dence of systematic errors. Specifically, is there some under 30— T "
lying power spectrunx such that the data seys andy, are [
consistent with Eq.5)? Let us consider the simple case
where the two experiments have identical window functions, &
that is, W,;=W,. The general case can be reduced to thisy i
one: In practice, we start by reducing all experiments to theg 100

simple form W=1 using the deconvolution method de- § |}
scribed in Appendix D of32].
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Consider two hypotheses. o
(i) Hg: The null hypothesid, that there are no system-
atic errors, so that the difference spectresny, —y, consists 20
of pure noise with zero mean and covariance matex) .k
=N=N;+N,. PR
(i) Hy: The alternative hypothesis that the difference é :
spectrunmz has the same covariance matkiXout a non-zero f 10k
meanm. ; C
A straightforward variation of the derivation if46] 2 sF
shows that the “null-buster” statisti46] 2 -
ob
— ZtNilQNilZ_tr{NilQ} ' Relative calibration r
= -1AN-1 172
[2t{N""QN""Q}] FIG. 3. Each curve shows the number of standard deviations
(“sigmas”) at which a given experiment is inconsistent with all
Q=mmt, (6) others when its power spectrudT is multiplied by a constant.
rules out the null hypothesisly with the largest average 7=y,— 1y, @)

significance(v) if H, is true, and can be interpreted as the
number of “sigmas” at whichH,, is ruled out{46]. The case
derived in[46] differed in that the mean vanished und¢; ~ Wherey; andy, are the deconvolved power spectra produced
but the covariance matrix contained an extra sighaithe ~ from the experiment under study and from all other experi-
result was of the same form as above, but vtk S. Note ~ ments, respectively, and vary the normalization paranreter
that for the special cas®xN, it reduces to simply=(x? We take calibration and beam errors into account in comput-
—n)/\2n, where y?=7zN"1z is the standard chi-squared N9 the “all other” spectrum, but not for the experiment un-
statistic. The null-buster test can therefore be viewed as #er consideration. The resulting significance lewait which
generalizedy?-test which places more weight on those par-the difference spectrum is inconsistent with zero is plotted as
ticular modes where the expected signal-to-noise is high. I function ofr in Fig. 3.
has proven successful comparing both microwave back- All experiments taken together have now detected CMB
ground map$32,34—36,39and galaxy distributionf47,4g.  fluctuations at about the 2g0level, and the fact that all
Tips for rapid implementation in practice are given[82]. ~ Curves except the DASI one asymptote to just under that
Equation(6) shows that in our case, all weight is placed value as —0 shows that no single experiment dominates all
on a single moden. More generally, the test pays the great- Others in statistical weight. To the right, es- >, each curve
est attention to those eigenvectors@fwhose eigenvalues asymptotes to the significance level at which the experiment
are large. Consider first the case of calibration errors. Thef#f) question detects a signal, ignoring calibration and beam
the two measured power spectra are generically expected &§7ors. If the experiment under study has no calibration or
have the same shape but different normalizations, so that tfg¢am errors and everything is consistentshould be near
vectors(y;) and(y,) are parallel but with different lengths. zero forr=1, where it has vanishing mean and unit variance
In other words,S=0 andm=(z)=Wx, so the moden that ~ ({»)=0, Av=1). Only five of the 24 experiments show a
we want our test to be sensitive to is shaped like the expectetignificant difference at the @level [v(1)>2]. Their
sky power spectrum itself — we make this choice below.¥(r)-curves are plotted in Fig. 3 and are seen to be perfectly
Similarly, beam errors show up in a different mode, whichconsistent as well—the relative calibratiosimply has to be
(as discussed in the Appentliis shaped like the sky power shifted to a different value, which is in all cases lower, for

spectrum times? to first order. which v drops below 2. _ _
Above we saw that the experiments could be effectively

D. Test resulis recalibrated off of each other. We also cpmputet!br the .
’ latest BOOMERaNG data on a 2-dimensional grid, varying
As emphasized by, e.g., Prep49], it is important to  both the calibration and the beam size. However, beam in-
check any data collection for statistically significant outliers.formation from inter-experiment comparison is substantially
We do this separately for each of the 24 experiments fronless useful at the present time than extracting the correspond-
Fig. 1 as follows. We form the difference spectrum ing calibration information — we found the BOOMERaNG
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beam constraints obtained in this way to be weaker thafities w,=h2Q, andwqm=h>Q 4, correspond to the physical
those measured from the instrument directly. densities of baryons and totétold + hot) dark matter
In conclusion, the quantitative tests described above show , =0 _, +Q,), andf,=Q,/Qy, is the fraction of the
no evidence of inconsistency between the 24 CMB experiyark matter that is hot. We assume that the galaxy biss
ments when beam and calibration uncertainties are taken intq,nstant on large scalf51] but make no assumptions about
account, and the power spectrum shown in Fig. 2 i CONSisyg ya1ye, and therefore marginaligminimize) over this pa-

Lenéw';gﬁwo;g‘ewé;hﬁt?'F;tﬁr?lf:\k/j: 5“0 f[:ial:]Sted rtnzamli); rameter before quoting constraints on the other ten. In the
y Pyt » may ant furthe estigation to study aadaptive mesh spirit, we iteratively refined our parameter

zr;t(;oi;hfﬁ ;[nr(;ig)gng spectrum can be consistent with all th%]rid to adequately resolve the peak of the likelihood func-

tion. Our final parameter grids were as follows:
=0, 0.05, 0.1, 0.2, 0.3, 0.5, 0.8

lIl. IS THE COSMOLOGY STORY CONSISTENT? 0,=0,0.1 1.0
A O oG IoAL DaTasera ENT Q=*1.0+0.8+0.6,£0.5+0.4,0.3+0.2+0.1,
+0.03,0, truncated so thatQ,=1-Q,—Q,

In this section we confront the CMB data with other cos- €[0.05,1]
mological observations, with the goal being both accurate ®gm=0.02,0.05,0.08,0.11,0.13,0.16,0.20,0.50
constraints on cosmological parameters and various cross- wp=0.003, 0.015, 0.018, 0.020, 0.022, 0.025, 0.03, 0.04,
checks on the underlying physical assumptions. We first map 0.07
out the subset of the 11-dimensional cosmological parameter f,=0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0
space from[50] that is consistent with CMB, large scale ns=0.5,0.7,0.8,0.9,1.0,1.1,1.2, 14,17
structure(LSS) and Lyman Alpha Foredty «F) power spec- n=-1.0,-0.7-0.4,-0.2-0.1,0
tra, with big bang nucleosynthes{8BN) and with direct r=0,0.1,0203,04,06,08,10,14,18,25
Hubble constant determinations, included and excluded in As is not discretized
various combinations. We pay particular attention to whether b is not discretized.
these priors are mutually consistent or pull in different direc- The parameter was only discretized when computing
tions, both in terms of which parts of parameter space thegonstraints involvingr—it was treated as continuous and
pull towards and in terms of how much they increase themarginalized over analytically as {%0] when constraining
overall x2. We will return to the consistency issue in Sec. IV, other parameters. We used the original CMB data set rather
comparing our “concordance model” with various other cos-than the compressed one to compute the CMB likelihood,
mological constraints. since stegii) above is the fastest of the three in our analysis
pipeline anyway.
A. Analysis method

We employ the multiparameter analysis method described B. Non-CMB data used
in [50] and[31] with the following modifications: optional ) )
inclusion of Ly power spectra, optional discretization of the A Our LSS data, we follo50] in using the power spec-
gravity wave contribution to allow explicit limits on this pa- UM measured from by the IRAS PSCz suryg] by [S3],
rameter, inclusion of CMB beam uncertainties as describe&i'sc_alrdIng all measurements on scales smaller than
in the Appendix and refined parameter grids to reflect the¢® ~Mpc (k=>0.3/Mpc) to be conservative.

improved data accuracy. It consists of the following steps:  AS OUr LyaF data, we use the 13 recent power spectrum
(i) Compute CMB, LSS and LyF power spectra for a measurements dfb4], with an additional 27% calibration

grid of models in our 11-dimensional parameter space. ~ Uncertainty common to all pointsee alsd55]). We com-
(i) Compute a likelihood for each model that quantifiesPute theoretical predictions for these 13 numbers correspond-
how well it fits the data. ing to each of the~300 million models in our database by
(iii) Perform 11-dimensional interpolation and marginal-firSt computing the matter power spectrunfk) as in[S0],

ization to obtain constraints on individual parameters andnen shifting it vertically and horizontallyon a log-log
parameter pairs. scalg to account for the fluctuation growth and Hubble pa-

Our 11 parameters are rameter shift betweez~2.72 and the present epoch. We
used the grow packagd56] for computing the growth fac-
P=(7,Qk,Qp ,04m, 0p,f,,Ns,Nt,Ag, T, D). (8) tors.
We quantitatively explore how our results are affected by
These are the reionization optical depththe primordial adding various other constraint$priors” ). For BBN, we
amplitudesAg, rA, and tiltsng, n; of scalar and tensor fluc- test the priorw,=0.02 for simplicity, since the error bars on
tuations, a bias parametemefined as the ratio between rms the most recent BBN estimateg=0.02+0.002(95%) from
galaxy fluctuations and rms matter fluctuations on largg57] are smaller than our grid spacing. For the Hubble pa-
scales, and five parameters specifying the cosmic matter budameter, we test the prioh=0.72+0.08 from the HST
get. The various contribution®; to critical density are for Hubble Key Projec{58], assuming a Gaussian distribution
curvature(),, vacuum energy), , cold dark matte€ .ym, for simplicity. We also try the priors=0, Q,=0, f,=0,
hot dark matter(neutrinos (1, and baryond},. The quan- r=0 andns=1 in various combinations.
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TABLE Il. Best fit values and 95% confidence limits on cosmological parametgrsis the redshift of
reionization and, is the present age of the Universe. For the numbers above the horizontal line, the central
values are the ones maximizing the likelihdgloe best fit model For the numbers below the horizontal line,
the limits were computed from moments as described in the text, so the central values are means rather than
those for the best fit model. For instance, the Hubble parameters for the best fit modetsGbd, 0.48,

0.64 and 0.64 for the four columns, respectively, which differs from the mean values in the table.

CMB alone +PSCz +h=0.72+0.08 +f,~0
T 0.00"0*® 0.00"0*° 0.00"%%’ 0.00"%%"
oh —0.05' 03 —0.07°935 0.02" 003 0.00" 00
Q, 057038 04903 065019 0.66'0.%
h2Qp 0.10°903 0.10°9:63 0.12°9% 0.12°5%
h?Q, 0.021° 5,663 0.020"§:605 0.020" 5004 0.020"¢:605
fy 0.08+0.59 0.0GFO.SO 0.04+O.16 0
Ns 0.91"G5 0.91" G5 0.93"073 09107
h 0.42°5%3 05793 0.70°013 0.73°942
5742 723 7634 6533
to [Gyr] 20.539 14.2°43 12.3°18 12.7°12

C. Basic results and third casesThe best fit value corresponds to the peak in

Our constraints on individual cosmological parameters ardn€ likelihood function and the 95% limits correspond to
listed in Table Il for four cases. Constraints are plotted inwhere the likelihood function drops below the dashed line at
Figs. 4 and 5 for case#) and(iii). All tabulated and plotted €~ of the peak value. For the remaining parameters listed,
bounds are 95% confidence limft3he first case uses con- Which are not fundamental parameters in our 11-dimensional
straints from CMB alone, which are still rather weak becauserid, the numbers were computed as[i0] by calculating
of a one-dimensional degeneracy coupling curvature, barythe likelihood-weighted means and standard deviations over
ons, tilt, tensors, dark matter and dark energy as described the multidimensional parameter space. Here the tabulated
the following subsection. The second case breaks this degelimits are the mean- 2¢.
eracy by combining the CMB information with the power
spectrum measurements from PSCz, and is seen to give D. Matter budget
rather interesting constraints on most parameters. The third ) ) ) o
case adds the prior assumptions that the Hubble parameter js W& Will now investigate the parameter constraints in more
h=0.72+0.08[58], which tightens up many constraints, in detall,_ explormg which (_:onc_lu5|ons come from what as-
particular that o), . The fourth case adds the assumptionSUmptions. This subsection is centered around the cosmic
that the neutrino contribution is cosmologically negligible matter budgetthe densities of baryons, cold dark matter, hot
(f,~0). This is equivalent to assuming that there is nodark matter, dark energy and curvatsrave return to the
strong mass-degeneracy between the relevant neutrino fampflationary parametersg, n, andr in the next subsection.
lies, and that the super-kamiokande atmospheric neutrino
data therefore set the scale of the neutrino density te pe 1. Constraints from CMB alone

=10"°[59,60. . . Figures 6, 7 and 8 summarize some of the key
For the first 7 parameters listed in Table Il, the numbers,_gimensjonal constraints on the matter budget. It is seen
were computed from the corresponding 1-dimensional likéth 4t the CMB data alone are now for the first titoempare,
lihood functions(plotted in Fig. 4 and Fig. 5 for the second e.g.,[50]) powerful enough to close off bounded regions in
these planes. The low second acoustic peak inferred from the
“Bayesean 95% confidence limits are in general those that enclc)first Antarctic BOOMERaNG resul{$1] was still consistent
y () i imi i . . . : 5
95% of the area. In this paper, we make the approximation that th%;rt] anglrteel ?’ngz\%o;:zgnI\c/)?rs?évii)tron&?tlﬁtgbzng?;aiﬁgimi_
boundary of the confidence region is that where the likelihood ha > ate the need for dark n}l/atte? altogethgr Since the more ac
*A)(Z/Z . . 2_ . =
fallen by a factore from its maximum, wherely =4 for curate measurements of the second peak height from the new

1-dimensional casetsuch as the numbers in Table knd A y? . . .
=6.18 for 2-dimensional casésuch as Figs. 4 and 5As shown in BOOMERaNG, DASI and Maxima data give a higher value,

Appendix A of[31], this approximation becomes exact only for the €v€n the CMB alone now requires a non-zero amount of dark
case when the likelihood has a multivariate Gaussian form. wénatter, at least at modest significance.

make this approximation to be consistent with the multidimensional  The increased second peak height is also seen to resolve a
marginalization algorithm employed hefand by most other au- second hot discussion topic of the past year: the CMB lower
thors, which is equivalent to the integration technique only for the limit on the baryon density has now dropped down in beau-
Gaussian case. tiful agreement with the BBN prediction.
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FIG. 4. Constraints on individual parameters using only CMB and LSS information. The quoted 95% confidence limits are where each
curve drops below the dashed line.

A third noteworthy result is that the allowed region in our twist that changingw,,, wqm, Ns andr as well helps mini-
11-dimensional space is shaped like a long and skinny rathehize the change in the late integrated Sachs-Wolfe effect on
one-dimensional tube. This is seen clearly in the projectioTCOBE scales.
onto the fi5,wy) plane in Fig. 7. The physics underlying this
CMB degeneracy is illustrated in Fig. 9. Starting in the gen- 2. Breaking the CMB degeneracy
erally favored(white) region of Fig. 7 and moving up to the  gjnce this degeneracy involves so many parameters, prior
right, the Universe becomes more and more closedde-  ongiraints on any one of them will help break it. In particu-
creases to negative valyewhich would on its own shift the |5; the reason that this degeneracy is not as prominent in the
acoustic peaks too far to the left. This is compensated bygcant analyses by the BOOMERaN®], DASI [29] and

reducing the density of dark mattery, and increasing the  \jaxima [30] teams is because they all assumed negligible
dark energy densit§), and the power spectrum titig so gravity wavesy =0.

that the peak location stays essentially fixed. Through a gjnce the Hubble parameter is given by

rather spurious coincidence, the resulting changes in the vari-

ous peak heights relative to the COBE scale can be almost wgmT 0

perfectly reversed by increasing the baryon density and add- h=N1—qg—a- 9
ing substantial amounts of gravity waves. This is in essence koA

the familiar (2,,€2,) angular distance degeneracy describedt decreases sharply as one moves along the degeneracy
in many parameter forecasting papgs8,64, with the extra  track, dropping as low as 0.3 at the upper right end point in

1 T R R RAAS RARRRRRN I e 1
08 [ 4 os — 0.8 0.8
08 f— - 0.6 — 0.6 0.6
I
0,2:_ C‘)d_: o.af o __V_—f o.zf o.zf
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: W, ] : , ]
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O-A. A RN 0:I|.|I.|| ey 0:1.“1. AT,
0 002 004 008 0 02 04 06 08 0 0204 06 08 1

FIG. 5. Like the previous figure, but adding the prior0.72+0.08.
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FIG. 6. Constraints in the dym,,wp)-plane.
The large gray region is ruled out by CMB data
alone at 95% confidence. The two smaller shaded
regions become excluded when imposing addi-
tional constraints from Hubble constant measure-
ments f=0.72+0.08) and PSCz galaxy cluster-
ing. The light gray band shows the BBN
constraints fron]{57]. The model best fitting the
CMB+ PSCz+ h constraints hag?~ 126 for 127
degrees of freedom.

FIG. 7. Constraints in theng, wp)-plane. The
light gray band shows the BBN constraints from
[57].

FIG. 8. Constraints in the afyy,f,)-plane.
The four curves show contours of constant neu-
trino mass sum.
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with h andf, priors is shown together with the two data sets. The

FIG. 9. The main remaining CMB degeneracy. 'I_'he three SOIIdupper and lower curves are the model predictions for the LSS and
curves show the best fit models for CMB alone subject to the con:

! - = . — LyaF data, respectively. The lower curve is simply the upper one
Ztrslnnr:ic:l rg}f%ggga;g%&ig'gbm ?;Zwé&%wibn_gi'm(?bla;?s’he d shifted vertically and horizontally to account for the fluctuation
P 9 y > N F1g. /. Sgrowth and Hubble parameter shift between2.72 and the present

curves show the scalar and tensor contributions. All model

epoch. The overall calibration uncertainty in thealfy data is seen
have 7=f,=0. The parametersp=(Q,Q,,04m,®p,Ns,N;) P y

are (—0.043,0.461,0.116,0.020,0.924,0.9620.134.0.799.0.050, to let the model prediction lie below the data by a constant factor.
0.030,1.200,0.894 and (—0.160,0.840,0.043,0.040,1.401,0.955 curvature and baryon density are 0'§#2, —0.03"%%, and
respectively. 0.021"99% respectively. Overall, the PSCz anddly were
found to be strikingly consistent in pulling the CMB in the
Fig. 7. Imposing the prioh=0.72+0.08 therefore shrinks Same direction, as was also found[i¥]. Augmenting the
the allowed 11-dimensional region substantially, amongCMB-+PSCz data with the 13 laF points increased the?
other things tightening the lower limit on dark matter in Fig. for the best fit model by only 10, and the good agreement

6 and the upper limit on baryons in Fig. 7. between the galaxy and kF can also be seen visually, in
Because of its sensitivity tng and wgy,, in particular, our Fig. 10. . . . )
galaxy clustering datéhe PSCz power spectryrare seen to We conclude this subsection by summarizing what is ob-

break this CMB degeneracy completely, shrinking the gtained by adding successively stronger assumptions as in

lowed CMB “bananas” to almost round regions in Fig. 6 and Tab'le II. ) ]

Fig. 7. The effect of adding PSCz is particularly dramatic in (1) CMB alone now gives constraints on most parameters,

Fig. 8, since CMB alone has almost no sensitivity to thebut they are generally weak because of the above-mentioned

neutrino fraction, whereas increasirig provides a strong degeneracy. _ _

suppression of the galaxy power spectrum on small scales. (i) Adding the PSCz galaxy clustering constraints breaks
The model best fitting the CMBPSCz+h constraints this degeneracy, resulting m_tlght constraints on everything

has y2~ 126 for 105+ 32+ 1— 11=127 degrees of freedom. ©XCept the dark energy densiy, . _ _

The effective number of degrees of freedom might be a bit (i) Adding the constrainh=72x8 finally nails down

larger than this, since some of the 11 parameters had littl€a - It also _Shafpensz the limits o andf, . Adding this

effect, but even if we ignore this, all fits are good in the sens@n€ constraint raiseg® by as much as 4from 122 to 126,

of giving reducedy?-values of order unity. which reflects a slight _ten5|on between therior and the
Adding our additional priorso,=0.02, 7=0, Q,=0 and CMB-H:;?CZ data, which alone prefer the lower rartge

r=0 cause little further change, since they are all consistent 0-_57:30-_ )

with the favored results and there are no major degeneracies (V) Adding anf =0 prior boostsy? only by 0.1, further

left to break. sharpening thé€),, ), andr constraints slightly, and none
Adding our LyaF data produced effects quite similar to Of our additional priors(including LyaF) have much of an

those of adding PSCz: breaking the CMB degeneracy an@ffect. The only exception is imposings=1, which is

favoring a flat, roughly scale-invariant Universe. We haveslightly disfavored by the data and raisg$ by 4.

chosen to highlight the effects of the PSCz data rather than _

those of the LyF data in the figures since we found their E. Inflationary parameters

overall constraining power on parameters to be slightly We now turn our attention to the parameters associated

stronger. For instance, the CMBLy a F constraints on tilt, with inflation. Since space remains perfectly consistent with
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the inflationary flatness prediction despite the sharp errorba 25—~ T~ 7 7~ T [
reduction caused by the new latest CMB dafa, € 0.00
+0.06 at 95% for CMB-PSCz+h), it is interesting to
quantify the constraints on the parameteysn, andr to see
how they compare with the predictions of various models, as
has previously been done using earlier CMB da®14,23.

As discussed in65], there has been a fair amount of
notational confusion in the literature surrounding the tensor-
to-scalar ratior. There are two logical ways to define this
ratio: either in terms of the fundamental parameters of the
power spectrurior, equivalently, of the inflationary model
spacg, or in terms of the observables, usually the CMB qua- 45
drupoles. We adopt the former approach, and define

10 r

CMB + PSCz

—to—scalar rat

nsor

Te

LA L )y I L B

_ At ooL . . . v T VO S| O O O S |
r= A (10 0.4 0.6 0.8 1.0 1.2 1.4 16
S Scalar spectral index ng

whereAg andA; are the scalar and tensor fluctuation ampli-  FIG. 11. Constraints in then{,r) plane. The large light gray
tudes as defined i65]. For inflation models where the slow- region shows the joint constraints from CMB and LSS. The gray
roll approximation is valid, this ratio is related to the tensorregion shows the effect of adding the pribe=0.72+-0.08. The
tilt n, by the so-called inflationary consistency conditionsmall light gray region shows the effect of addifig=0. The dark

[65,66 gray region shows the effect of adding the BBN priog=0.02.
The straight line shows the prediction=(200/9)(1-ny) from a
200 power law class of inflation models.
= ? Ny . (11)

_ _ . exactly the 95% level For comparison, previous multipa-
A power law class of inflation modelsee[13] for areview 5 meter analyses incorporating gravity way#8,14 found
make the additional prediction that R<0.3 using older CMB data and stronger priors.

200 Figures 11 and 12 show the joint constraints on r with the
r=—:(1-ny), (12 scalar and tensor tilts, respectively, and allow comparison
9 with the predictions of Eqg11) and(12). The constraints in

the (ng,r) have becomes progressively sharper during the
Ipast year[13,14, and are now gradually becoming quite
interesting. In particular, Fig. 11 shows that the preference
for a slight red-tilt fis~0.9) and lowr in the data favors
so-called “small-field” modeld 13].

Figure 12 shows that the holy grail of testing the infla-
tionary consistency relatiofill) is still a ways off. As ex-
Ctzens‘” pected, the constraints on the tensor niltare stronger for

R=—— (13

" (~scalar
CZ

i.e., thatng=n,+ 1. (Although the quantity,+ 1 would be a
more natural definition for the tensor spectral index, we wil
stay true to the astronomical tradition of clinging to silly
notation for historical reasons.

A common alternative definition of the tensor-to-scalar
ratio is the quadrupole ratio

2.5 T T U T T T T T T T T T T T T T
In this case, the inflationary consistency conditiofGs]

R~ —6.9%, (14

for the special case whefe,=Q,=0. oHE Pece

Writing the relation betweeR andr as

1o- CMB + PSGz
+ Hubble

r~aR, (15

Tensor—to—scalar ratio r

R . | o |

the proportionality constana is typically between 2 and r
5—it depends on the values 6f, and(}, via the late inte- esr
grated Sachs-Wolfe effect. r
As shown in Table II, Fig. 4 and Fig. 5, the data preferno o, . . L . L L
tensor contribution at all, placing a 95% upper limi£0.5 0.0 0.2 e e 08 1.0
for the CMB+PSCz-h case. For comparison with prior i '
work, this corresponds to a quadrupole ratio of 0.2 in the FIG. 12. Same as previous figure but for thg ,¢) plane. The
sense that this is the quadrupole ratio for the best fit model igtraight line shows the “inflationary consistency relation=
our grid with thisr-value (which is by definition ruled out at —(200/9), .
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high tensor normalizations and vanish completely when  studieq 78], cosmic velocity fields and redshift space distor-
does. tions. Most of these probes do not measwyg, directly, but
Qgm= wgm/h? or some combination of this with the fluctua-
IV. DISCUSSION tion normalization parameterg. Although each comes with
potential systematic errors of its own, and there is still some
In Sec. II, we compared and combined the different CMBinternal controversy in the velocity and cluster ar§as],
experiments, finding that a consistent picture of the angulaghey are all broadly consistent with the rangg,=0.09
power spectrum emerged. In Sec. Ill, we compared and com- (.18 listed in Table II. Indeed, it is interesting that argu-
bined a limited number of cosmological data sgtewer  aply the only recent evidence supportifig,~1 came from
spectra from CMB, LSS, LyF and various priops finding  velocity fields and redshift distortion studies, and that im-
that a consistent set of cosmological parameters emerged thgioved data now give values as low as in Table Il from both
provided a good fit to these data. velocity fields [80,81] and redshift space distortions
We conclude with some remarks on how these parametgs3,82,83.
measurements match up with the many other cosmological with CMB strongly favoring an essentially flat Universe,
observations that probe these parameters, focusing on thige low matter density automatically implies a high dark en-
cosmic matter budget. In light of the checkered history Ofergy density. As has been discussed in numerous pépers
many cosmological parameters, where tiny quoted error bargi,19,50), there are now independent ways of reaching this
have repeatedly masked larger uncertainties about underlyingbnclusion: the argument for dark energy can be made either
assumptions, such end-to-end consistency checks are cruci@lithout supernovae 184,85 or without large-scale struc-
For instance, the Hubble paramekenas dropped by a factor tyre information. The BOOMERaNG teafii] argue that
of eight since Hubble’s original paper, the BBN baryon den-eyen CMB and Hubble constant measurements now favor
sity wy, has risen by 50% in less than a decade, and th€),>0—we have seen that this conclusion hinges on the

favored value of the cosmological constddf has fluctu-  important additional assumption of negligible gravity waves.
ated wildly at the hands on both theorists and observers.

C. Neutrino density

A. Baryon density w, For the neutrino densityn,, we are still far from the

The rise of the second peak in the new data has comgrand goal of a precision cross-check between cosmological
pletely eliminated the tension between BBN and CMB, andand laboratory measurements, since the two have so far pro-
they are now in beautiful agreement that the baryon densityided only upper and lower limits, respectively. However,
w,~0.02. This agreement was noted in the latest team pahe two limits are steadily creeping closer. Atmospheric neu-
pers as wel[1,29,30. The fact that one method involving trino oscillations[59] show that there is at least one neutrino
nuclear physics when the Universe was seconds old and afpresumably a linear combination of, andv,) whose mass
other involving plasma physics more than 100 000 years lategxceeds a lower limit somewhere in the range 0.04—0.08 eV
give the same answers, despite involving completely differ{60]. Since
ent systematics, is a landmark achievement for cosmology. It
greatly boosts the credibility of the basic cosmological sto- _ 1 D 16
ryline since the Universe was a split second old. This sudden =94 ev i E (16
agreement is all the more impressive given the lack of agree-

ment during the past year and the sir this generated. wherem; is the mass of théth neutrino, this corresponds to
: i ;
Consensus has yet to be reached on the second decimal Oglower limit ,=0.0004-0.0008, orf,=0.003-0.01. Our

o X a
the BBN predictions, with the value,= 0.023 from a recent . . ;
VLT deuterium study[67] lying abgve the 95% range of _constramts(see .F'g' BgiveZm;<4.2 eV, _further sharpen-
[57]. As a reality check, our baryon value also agrees with"9 th? 2.5 eV limit from a careful analysis of previous cos-
slightly less accurate estimates of the abundance in the Ioc%?eodz?r']zailsdf;is?r]] (t‘:‘]zer:f(gg])d‘;rfi ?Zf‘/s of the heaviest
Universe—e.g., the range 0.08T1),<0.041 inferred from a ge v. ) '

our e INenton{GE and e ange 00360, =000 Moreover e s spliings ated iy ot sl ana
at redshifts of a few from the Ly forest[69,70], although P ' » SU9

. . g . esting that all three mass eigenstates would need to be al-
the latter tend to be on the high side. Similarly, the inferred® . o
baryon fraction wp/wy,~18% agrees with that inferred most degenerate for neutrinos to weigh in near our upper

X limit. This means that the upper limit on thialmost identi-
from galaxy cluster{22,71], although this match weakly call masses of the three neutrino states would be 4.2/3
prefers lowerh-values.

=14 eV.

Note that if, as current data suggest, the mixing between
the flavor eigenstates,, v, and v, is not small, it is inap-

As of now, there are a large number of independent methpropriate to identify the three mass-eigenstatesy, andv;
ods for probing the dark matter density,, or the (almost  with these flavor eigenstates. For instance, the heaviest
identica) total density, including studies of the cluster abun-eigenstate; is likely to be almost a 50-50 mixture of. and
dance at various redshiffg1-79, mass-to-light ratio tech- v, . The correct way to phrase our upper limit is therefore as
niques [76,77], the baryon fractionQ),/Q,, from cluster a 1.4 eV upper limit on the mass of.

B. Dark matter and dark energy density
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Finally, a caveat about non-standard neutrinos is in ordeperiment andN®° is the part that is correlated with other
To first order, our cosmological constraint probes only theexperiments that are calibrated off of the safsightly un-
mass densitpf neutrinos. Our conversion of this into a limit certain source.Toco, Msam, cBl and BOOMERANG all cali-
on the mass sum assumes that the neutrino number densitygate off of Jupiter. To be conservative, we assume that the
known and given by the standard model freezeout calculafull 5% calibration uncertainty from Jupiter’s antenna tem-
tion: 112 cni®. In more general scenarios with sterile or perature is shared by these experiment. The true correlation
otherwise non-standard neutrinos where the freezeout abughould be lower, since the four experiments observed Jupiter
dance is different, the robust conclusion to take away is simat different frequencies. The remaining multi-band experi-
ply an upper limit on the total light neutrino mass density of ments in Fig. 1 should not have any such inter-experiment

8.4x10° % kg/n?. correlations. This contribution to the noise matrix is there-
How do our results compare with those of other recenfore

analyses? The analysis most similar to ours is that of the

BOOMERaNG teanfi1]. A detailed numerical comparison of NE=(2s;)2y1y; (A2)

their results with our Table Il is very encouraging. Despite

major differences in both analysis techniggeiors, param- Where

eter space, marginalization method, ptind data use(that [

analysis was limited to BOOMERaNG and DMR dataoth o 5% ifi andj referto a Jupiter-calibrated point,

the central values and the error bars are very similar for most i 0 otherwise.

parameters when taking into account that they and we quote (A3)

éq and 2o errors, respectively. This indicates that what iSThe factor of 2 in Eq.(A2) stems from the fact that the
eing measured is really borne out loud and clear by the data o .

in a way that is fairly independent of data selection or analy_per_ce_ntage error OﬁTi is roughly twice that foroT; as Io_ng

sis details. Perhaps we are inevitably approaching th&S It is small. We simply use the observed valuesyfom

dreaded day when not only cosmology is consistent, but codhS expression. . Lo .
mologists are as well. Similarly, the remaining calibration term is

(ical) — \2\ .
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APPENDIX: LINEARIZED MODELING 21704 0. Defining

This appendix describes our modeling of the four terms of
the error matrix from Eq(2), assuming that all relative errors
are small €1). _

N(meas) reflects the part of the errors which are uncorre-we can therefore write the beam error as
lated between the different experiments and is due to detec-

; . . ) N(Peam_ . . (AB)
tor noise and sample variance. We approximate it by ij it

Ab,
by=2——=(16)%;, (AS5)

Ni(jmeaS)E 5”%21 (A1)  Wwheni and] refer to the same experiment, zero otherwise.
We use this approximation for BOOM98, wheréd
where o; is defined as the average of the upper and lower=12.9/c, §6=1.4/c, and c=y8In2 is the familiar
error bars quoted fod;= 6T?. FWHM conversion factor. The other experiment reporting
The last three terms in E¢R) reflect correlations between important beam uncertainties is Maxima, for which we use
measurements due to calibration and beam errors. As ithe b; coefficients published if3] in place of the approxi-
[31,47, NU°d) js the part specific to a single multi-band ex- mation of Eq.(A5).
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