PHYSICAL REVIEW D, VOLUME 65, 087302

Have acoustic oscillations been detected in the current cosmic microwave background data?
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The angular power spectrum of the cosmic microwave background has been measured out to a sufficiently
small angular scale to encompass a few acoustic oscillations. We use a phenomenological fit to the angular
power spectrum to quantify the statistical significance of these oscillations: we find the evidence for acoustic
oscillations is not yet compelling. We discuss the cosmological implications of such a finding.
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During the past few years there has been unprecedented k7
progress in the detection and characterization of fluctuations Aleoc(|Ak|2>co§( =+ d)) ‘ (2)
in the cosmic microwave backgrouf@MB) on small angu- V3
lar scales. The TOCO, BOOMERanG and MAXIMA experi-
ments[1] presented unambiguous evidence for a preferred
scale(a “peak”) in the variance of temperature fluctuations where y(r) is the conformal distance corresponding to the
as a function of scale,XT)=I(1+1)C/2w (whereC, is  coordinate distance. Thus, the oscillations in the baryon-
the angular power spectrum at a scbdel80°/0). Thisis a  photon plasma will lead to a set of peaks and troughs in the
striking result, having been predicted in 1970 from simpleangular power spectrum.
assumptions about scale-invariance and linear perturbation How general is this argument? As stated above we are
theory of general relativity. During the last six months theconsidering primordial, passive, perturbations which are in
possible presence of peaks and troughsAﬁ'm2 has been effect initial conditions for the evolution of the coupled
reported by the BOOMERan({2], DASI [3] and MAXIMA baryon/photon plasma responding to gravity and pressure
[4] experiments. This harmonic set of features in the powef5]. The most general class of such perturbations was classi-
spectrum could further confirm that the origin of structurefied in [6] where, in the context of the current menagerie of
was due to a primordial set of fluctuations which set thematter candidates, it is believed that there are five degrees of
cosmological plasma “ringing” at very early times. It is the freedom, possibly correlated among each oflcerrespond-
purpose of this Brief Report to quantify the confidence withing to a 5<5 symmetric matrix of initial conditions Al-
which one can claim that there are acoustic oscillationghough we looked at the specific case of adiabatic perturba-
present in the current data. tions, the argument follows through for all otheure

We shall first outline the argument for why we expectprimordial perturbations. By pure perturbations we mean
oscillations in the power spectrum of the CMB. Let us re-perturbations in which one only picks one of these degrees of
strict ourselves to the radiation era, where the photons antieedom to be non-zero. The key feature is that the large
baryons are tightly coupled. It suffices to consider the denscale solutions to Eq1) have two modes, one of which is
sity contrast in radiationg,, and(in the synchronous gaupe decaying and very rapidly becomes subdominant. For ex-
the trace of the spatial metric perturbatidms h; . The first ample for density isocurvature perturbations a different

order Einstein and continuity equations in Fourier space ar@hase,¢ will be picked out such that the positions of the
peaks will be out of phase with regard to the adiabatic mod-

els. If one considers sums of initial condition such agGh
then it is conceivable that the combination of power spectra
will interfere in such a way as to wash out the oscillations.
Clearly, the presence of oscillatory features would be
] ] ] strong evidence that the structure was seeded at some early
where 7 is conformal time and labels the Fourier compo-  time “pefore recombination. With the current CMB data it
nent. Let us restrict ourselves to adiabatic initial conditionsy55 peen suggested that we are already seeing evidence for
In this case one has that= — 5h. One can S°|V92Eq1) on  gych features. One of the reasons for such a claim is that
large scalek7<1 to find two solutionss,=A«7",Bx7 % primordial, passive models supply a good fit to the measured
if these are setup early in the radiation era, the growintngular power spectrum and, as argued above these models
dominates very rapidly and one can to an excellent approxinave acoustic oscillations. The concern is thit models
mation setB,=0. On small scales one can solve the systemyhich have been compared to the data have oscillations in
using a WKB approximation to find &,  theC, and one therefore has not strictly tested for the pres-
xcoskrl\3),sinkn/\/3). Matching the large scale solution ence of these oscillations. We propose to do this in the fol-
to the small scale solution one finds thab, lowing: construct a phenomenological fit to the data points
= A(k7)2coskn/\3+ ¢). The acoustic oscillations in the that can smoothly interpolate between a model with no os-
AT,2 will be primarily the power spectrum af,, at recombi-  cillations to one which has oscillations of a well defined
nation, », projected until today: frequency and phase. An analogous approach was used in

I=kx(mg—ny)

k2

. 1. 6 .. 2.
h+ ;h'ﬁ‘ ?6.)/:0 and 574‘ ?67+§h:0 (1)
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LN M SO A B B TABLE I. The mean values and 95% errors for theandB as
N 1 defined in Eq(3) and the corresponding? for the best fit models
(whereNp is the number of parametersSSee text for description of
o DASI . . .
6000 | . the different data combinations.
x MAXIMA
«%. Experiment ax 1072 Bx10° (uK)?  x? (Np)
3 All 11792 0.7°93 42
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¢ In Table | we summarize our results far;, B and they?

of the best fit model to each subset of data. The different
FIG. 1. Data from BOOMERanG, DASI and MAXIMA. Over- combination and subsets of the data we consider are: data
plotted, our best fit from the class of models described by(Bq.  from all three experiment$‘All” ) and for all three data
experiments discarding all points witk<400 (“All - 400’ ),
[10] to quantify the significance of the presence of a peak athe data from each individual experimg¢tiBOOMERanG,”

|~200. The parametrization we shall use is of the following"MAXIMA” and “DASI” ), and data from DASI discarding
form: the point atl=553 (“DASI _;"). We have also generated a

mock realization of the best fit adiabatic model to the data
, 1 )2r202 with corresponding variance from sampling and noise from
ATF=Ae ("2 +Beos[a(l—1,)+#]1+C. (3)  the combination of the three experimeritMock” ) and fi-
nally the same realization but discarding all points wiith
This is a seven parameter family of models and we can jus=400 (“Mock - 400" ). We present the mean values and the
t|fy it as follows. The goa| is to detect the presence of pref_95% confidence limits from the integrated likelihoods. We
ered frequency in the\T? so the parameters we are ulti- find that the data do seem to pick out a favorite frequency of

mately interested in are and B. However we know that oscillation in theAT? of ax1072=1.1%F ,, corresponding

there is a well defined peak in the data with a well defined© an interpeak spacing @l = 7/ a=286";3°. It is interest-
width, and the signal to noise of this peak is sufficiently highing to note that even removing the points that lie in the
that it will dominate any statistical analysis; i.e. the width of region of the first peak, the detection persists albeit with
the peak,o will tend to peak at a frequency of order/o. larger error bars. The three experiments detect similar values
Given that we wish to be conservative we consider a part 0pf a with varying confidence regions. We should note that
the curve corresponding to the first peakaracterized by,  the likelihoods ine are extremely skewed and in some cases
|, and o) and marginalize over these parameters. Hopefullyactually have two local maxima. For example the maximum
in this way we decrease the statistical weight of the peakof the likelihood for BOOMERanG isx=0.01 while for
Finally we introduce an offseC which allows us to inter- MAXIMA there are local maxima ata=0.005 and «
polate between a flat and oscillatory curve. =0.011.Note also the importance of the pointlat553 in
Given that we are interested in the behavior of the powethe DASI data. If we remove this point from our analysis, the
spectrum in the regime where acoustic oscillations willDASI confidence region forx enlarges considerably. We
dominate, i.e. on scales larger than the sound horizon at labave listed the values of the? for the corresponding best fit
scattering, we shall not include the Cosmic Background Exmodels along with the number of data points used in each
plorer (COBE) data set. We restrict ourselves to three datacase. All of thex? are reasonable although correlations be-
sets, BOOMERanG2], DASI [3] and MAXIMA [4] (see tween the data points may lead to a smaller number of de-
Fig. 1). We shall minimize the fitting function of E¢3) with  grees of freedom than simpNp—Np whereNp=6 is the
regard to the three data sets using a stanggrdA few  number of parameters. The Mock data sets lead to similar
comments are in order. We do not consider more refinedalues ofa and corresponding confidence limits.
parametrizations of the band-power distribution functions Our analysis indicates that there is a marginal presence of
[11], such as the off-set log-normal or the skewed approxi-oscillations in the measurezNTf (at the 2- o level) within
mation. We marginalize over the calibration uncertaintiesthe context of the phenomenological model described by Eq.
quoted in[2—-4]. Furthermore the beam uncertainties are(3). This caveat is important. Although we have attempted to
taken into account by adding them in quadrature to the noisgustify the functional form of our model using rough general
covariance matrices of each experiment. All these approxiarguments, it is conceivable that one could construct other
mations may introduce a modest degree of uncertainty in ownodels which interpolate between oscillatory and non-
results but do not change the essential conclusions. oscillatory behavior and which reduce or enhance the signifi-
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cance of detection ofr. For example, if we consider the Qx=1-Q,—Q\ andQ,, (Q,) are the fractional energy
All - 400 combination of data and add a term of the fdbhto  densities of mattefcosmological constantoday. Indeed one
Eq. (3), the mean value od is still 0.01 but nowa=0 lies has thatsl=290R and one can obtain a likelihood fé:
within the 95% confidence region. We have, of course, don@ne finds thatR=1.01"51§95% C.L). This can be reex-
this by adding yet another parameter. However this does ngiressed into a constraint dd=1—Q if we marginalize
exclude the possibility that there are models with fewer paover(, to obtainQ:1f8;‘3‘§(95% C.L). Note that this con-
rameters and no oscillations that may provide a better fit tGtraint is independeniof the constraint obtained from the
the data. For example, de Bernardisal. [7] and Durrer  assumption of adiabaticity and the position of the first peak,
et al.[8] have applied parabola fits in order to detect feature$p:215,R where one findsR=1.05"33395% C.L) andQ
in the Cy's spectrum; depending on how the number of inde-— 1 +0.33 9504 C.L). These two independent constraintsRn
pendent degrees of freedom are taken into account, thg,40 are consistent.
groups_find that their methods _detect a series of peaks at 1 O |n summary we have attempted to assess the significance
2-0. Miller et al.[9] have applied a nonparametric analysis ot the presence of acoustic oscillations in current CMB data
of the CMB power spectrum and reconstructed a spectrum iBsing a model independent method. One could view(8.
gooq agreement with an inflation_ary model with oscillations; 55 5 different class of phenomenological models which has
again the presence of features is reported at thel@vel.  ihe advantagégiven the question we are attempting to an-
While all these methods quantify the presence of features igyej of smoothly interpolating between the absence and
the data, we attempt to quantify the presence of oscillations esence of acoustic oscillations. We find that, at most, there
of a fixed frequency. Our analysis can be regarded ag tentative evidence for acoustic oscillations with the current
complementary to theirs. , CMB data sets. We subsequently use the interpeak separation
_Let us pursue the implications of the constraint @n (o acoustic oscillation frequengyo derive a constraint on
within the context of models which predict oscillations. The e geometry of the universe. Such a constraint is indepen-
above discussion leads us to note that the spacing betwegn of that derived from the position of the first peak. How-
peaksl can be used to set a constraint on the angularayer it is necessarily included in any analysis which consid-
diameter distance. As noted 2] the physical peak sepa- grs the full set of initial conditions put forward [i6]. With
ration is set by the sound-horizamwhich we know from  he rapid progress of CMB experiments, such an analysis

atomic physics Combined with our knowledge of time of \yij| hecome essential to obtain accurate, model independent

scale subtended by the sound horizon at recombinati@n
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