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Have acoustic oscillations been detected in the current cosmic microwave background data?

M. Douspis and P. G. Ferreira
Astrophysics, University of Oxford, NAPL, Keble Road, Oxford OX1 3RH, United Kingdom

~Received 6 December 2001; published 29 March 2002!

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 unprecede
progress in the detection and characterization of fluctuat
in the cosmic microwave background~CMB! on small angu-
lar scales. The TOCO, BOOMERanG and MAXIMA expe
ments@1# presented unambiguous evidence for a prefer
scale~a ‘‘peak’’! in the variance of temperature fluctuatio
as a function of scale, (DT) l

2[ l ( l 11)Cl /2p ~where Cl is
the angular power spectrum at a scalel .180°/u). This is a
striking result, having been predicted in 1970 from simp
assumptions about scale-invariance and linear perturba
theory of general relativity. During the last six months t
possible presence of peaks and troughs in (DT) l

2 has been
reported by the BOOMERanG@2#, DASI @3# and MAXIMA
@4# experiments. This harmonic set of features in the pow
spectrum could further confirm that the origin of structu
was due to a primordial set of fluctuations which set
cosmological plasma ‘‘ringing’’ at very early times. It is th
purpose of this Brief Report to quantify the confidence w
which one can claim that there are acoustic oscillatio
present in the current data.

We shall first outline the argument for why we expe
oscillations in the power spectrum of the CMB. Let us r
strict ourselves to the radiation era, where the photons
baryons are tightly coupled. It suffices to consider the d
sity contrast in radiation,dg, and~in the synchronous gauge!
the trace of the spatial metric perturbationsh[hi

i . The first
order Einstein and continuity equations in Fourier space

ḧ1
1

h
ḣ1

6

h2
dg50 and d̈g1

k2

3
dg1

2

3
ḧ50 ~1!

whereh is conformal time andk labels the Fourier compo
nent. Let us restrict ourselves to adiabatic initial conditio
In this case one has thatdg52 2

3 h. One can solve Eq.~1! on
large scaleskh!1 to find two solutionsdg5Akh

2,Bkh
22;

if these are setup early in the radiation era, the grow
dominates very rapidly and one can to an excellent appr
mation setBk50. On small scales one can solve the syst
using a WKB approximation to find dg

}cos(kh/A3),sin(kh/A3). Matching the large scale solutio
to the small scale solution one finds thatdg

5Ak(kh)2cos(kh/A31f). The acoustic oscillations in th
DTl

2 will be primarily the power spectrum ofdg at recombi-
nation,h* projected until today:
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*

)

~2!

wherex(r ) is the conformal distance corresponding to t
coordinate distancer. Thus, the oscillations in the baryon
photon plasma will lead to a set of peaks and troughs in
angular power spectrum.

How general is this argument? As stated above we
considering primordial, passive, perturbations which are
effect initial conditions for the evolution of the couple
baryon/photon plasma responding to gravity and press
@5#. The most general class of such perturbations was cla
fied in @6# where, in the context of the current menagerie
matter candidates, it is believed that there are five degree
freedom, possibly correlated among each other~correspond-
ing to a 535 symmetric matrix of initial conditions!. Al-
though we looked at the specific case of adiabatic pertu
tions, the argument follows through for all otherpure
primordial perturbations. By pure perturbations we me
perturbations in which one only picks one of these degree
freedom to be non-zero. The key feature is that the la
scale solutions to Eq.~1! have two modes, one of which i
decaying and very rapidly becomes subdominant. For
ample for density isocurvature perturbations a differe
phase,f will be picked out such that the positions of th
peaks will be out of phase with regard to the adiabatic m
els. If one considers sums of initial condition such as in@6#,
then it is conceivable that the combination of power spec
will interfere in such a way as to wash out the oscillation

Clearly, the presence of oscillatory features would
strong evidence that the structure was seeded at some
time, before recombination. With the current CMB data
has been suggested that we are already seeing evidenc
such features. One of the reasons for such a claim is
primordial, passive models supply a good fit to the measu
angular power spectrum and, as argued above these mo
have acoustic oscillations. The concern is thatall models
which have been compared to the data have oscillation
the Cl and one therefore has not strictly tested for the pr
ence of these oscillations. We propose to do this in the
lowing: construct a phenomenological fit to the data poi
that can smoothly interpolate between a model with no
cillations to one which has oscillations of a well define
frequency and phase. An analogous approach was use
©2002 The American Physical Society02-1



a
ng

ju
ef
i-

e
gh
of

t o

ll
a

e
il
la

Ex
at

ne
n
x

ie
re

ois
ox
o

ent
data

a
ata
om

he
e
of

he
ith
lues
at
es
m

he
e
t
ach
e-
de-

ilar

e of

Eq.
to

al
her
n-
ifi-

-

BRIEF REPORTS PHYSICAL REVIEW D 65 087302
@10# to quantify the significance of the presence of a peak
l .200. The parametrization we shall use is of the followi
form:

DTl
25Ae2( l 2 l p)2/2s2

1B cos2@a~ l 2 l p!1f#1C. ~3!

This is a seven parameter family of models and we can
tify it as follows. The goal is to detect the presence of pr
ered frequency in theDTl

2 so the parameters we are ult
mately interested in area and B. However we know that
there is a well defined peak in the data with a well defin
width, and the signal to noise of this peak is sufficiently hi
that it will dominate any statistical analysis; i.e. the width
the peak,s will tend to peak at a frequency of orderp/s.
Given that we wish to be conservative we consider a par
the curve corresponding to the first peak~characterized byA,
l p ands) and marginalize over these parameters. Hopefu
in this way we decrease the statistical weight of the pe
Finally we introduce an offset,C which allows us to inter-
polate between a flat and oscillatory curve.

Given that we are interested in the behavior of the pow
spectrum in the regime where acoustic oscillations w
dominate, i.e. on scales larger than the sound horizon at
scattering, we shall not include the Cosmic Background
plorer ~COBE! data set. We restrict ourselves to three d
sets, BOOMERanG@2#, DASI @3# and MAXIMA @4# ~see
Fig. 1!. We shall minimize the fitting function of Eq.~3! with
regard to the three data sets using a standardx2. A few
comments are in order. We do not consider more refi
parametrizations of the band-power distribution functio
@11#, such as the off-set log-normal or the skewed appro
mation. We marginalize over the calibration uncertaint
quoted in @2–4#. Furthermore the beam uncertainties a
taken into account by adding them in quadrature to the n
covariance matrices of each experiment. All these appr
mations may introduce a modest degree of uncertainty in
results but do not change the essential conclusions.

FIG. 1. Data from BOOMERanG, DASI and MAXIMA. Over
plotted, our best fit from the class of models described by Eq.~3!.
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In Table I we summarize our results fora, B and thex2

of the best fit model to each subset of data. The differ
combination and subsets of the data we consider are:
from all three experiments~‘‘All’’ ! and for all three data
experiments discarding all points withl ,400 ~‘‘All .400’’ !,
the data from each individual experiment~‘‘BOOMERanG,’’
‘‘MAXIMA’’ and ‘‘DASI’’ !, and data from DASI discarding
the point atl 5553 ~‘‘DASI 21’’ !. We have also generated
mock realization of the best fit adiabatic model to the d
with corresponding variance from sampling and noise fr
the combination of the three experiments~‘‘Mock’’ ! and fi-
nally the same realization but discarding all points withl
,400 ~‘‘Mock .400’’ !. We present the mean values and t
95% confidence limits from the integrated likelihoods. W
find that the data do seem to pick out a favorite frequency
oscillation in theDTl

2 of a3102251.120.4
0.2 , corresponding

to an interpeak spacing ofd l 5p/a5286244
1163. It is interest-

ing to note that even removing the points that lie in t
region of the first peak, the detection persists albeit w
larger error bars. The three experiments detect similar va
of a with varying confidence regions. We should note th
the likelihoods ina are extremely skewed and in some cas
actually have two local maxima. For example the maximu
of the likelihood for BOOMERanG isa50.01 while for
MAXIMA there are local maxima ata50.005 and a
50.011.Note also the importance of the point atl 5553 in
the DASI data. If we remove this point from our analysis, t
DASI confidence region fora enlarges considerably. W
have listed the values of thex2 for the corresponding best fi
models along with the number of data points used in e
case. All of thex2 are reasonable although correlations b
tween the data points may lead to a smaller number of
grees of freedom than simplyND2NP whereNP56 is the
number of parameters. The Mock data sets lead to sim
values ofa and corresponding confidence limits.

Our analysis indicates that there is a marginal presenc
oscillations in the measuredDTl

2 ~at the 22s level! within
the context of the phenomenological model described by
(3). This caveat is important. Although we have attempted
justify the functional form of our model using rough gener
arguments, it is conceivable that one could construct ot
models which interpolate between oscillatory and no
oscillatory behavior and which reduce or enhance the sign

TABLE I. The mean values and 95% errors for thea andB as
defined in Eq.~3! and the correspondingx2 for the best fit models
~whereND is the number of parameters!. See text for description of
the different data combinations.

Experiment a31022 B3103 (mK) 2 x2 (ND)

All 1.120.4
10.2 0.720.3

10.3 30 ~42!

All .400 1.020.6
10.3 0.820.3

10.3 16 ~27!

BOOMERanG 0.820.7
10.6 0.720.4

10.4 6 ~19!

MAXIMA 0.720.6
10.8 1.020.9

11.0 3 ~14!

DASI 1.120.3
10.3 1.120.5

10.4 2 ~9!

DASI21 0.920.8
10.6 0.920.7

11.0 1 ~8!

MOCK 1.020.3
10.3 0.720.3

10.3 34 ~42!

MOCK.400 1.020.3
10.3 0.620.3

10.3 27 ~27!
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BRIEF REPORTS PHYSICAL REVIEW D 65 087302
cance of detection ofa. For example, if we consider th
All .400 combination of data and add a term of the formDl to
Eq. ~3!, the mean value ofa is still 0.01 but nowa50 lies
within the 95% confidence region. We have, of course, d
this by adding yet another parameter. However this does
exclude the possibility that there are models with fewer
rameters and no oscillations that may provide a better fi
the data. For example, de Bernardiset al. @7# and Durrer
et al. @8# have applied parabola fits in order to detect featu
in theCl ’s spectrum; depending on how the number of ind
pendent degrees of freedom are taken into account,
groups find that their methods detect a series of peaks at
2-s. Miller et al. @9# have applied a nonparametric analys
of the CMB power spectrum and reconstructed a spectrum
good agreement with an inflationary model with oscillation
again the presence of features is reported at the 2-s level.
While all these methods quantify the presence of feature
the data, we attempt to quantify the presence of oscillati
of a fixed frequency. Our analysis can be regarded
complementary to theirs.

Let us pursue the implications of the constraint ona
within the context of models which predict oscillations. T
above discussion leads us to note that the spacing betw
peaksd l can be used to set a constraint on the angu
diameter distance. As noted in@12# the physical peak sepa
ration is set by the sound-horizon~which we know from
atomic physics!. Combined with our knowledge of time o
recombination andd l ~which is effectively half the angula
scale subtended by the sound horizon at recombination! we
can constrain the geometry of the universe. Efstathiou
Bond @13# have proposed a convenient parametrization us
the ‘‘shift’’ parameter R52AVK /VM/x(h02h ) where
*

ys

08730
e
ot
-
o

s
-
he
or

in
;

in
s
s

en
r-

d
g

VK512VL2VM and VM (VL) are the fractional energy
densities of matter~cosmological constant! today. Indeed one
has thatd l .290/R and one can obtain a likelihood forR:
one finds thatR51.0120.37

10.18(95% C.L.!. This can be reex-
pressed into a constraint onV512VK if we marginalize
overVL to obtainV.120.37

10.45(95% C.L.!. Note that this con-
straint is independentof the constraint obtained from th
assumption of adiabaticity and the position of the first pe
l p.215/R where one findsR51.0520.04

10.05(95% C.L.! and V
.120.2

10.35(95% C.L.!. These two independent constraints onR
andV are consistent.

In summary we have attempted to assess the significa
of the presence of acoustic oscillations in current CMB d
using a model independent method. One could view Eq.~3!
as a different class of phenomenological models which
the advantage~given the question we are attempting to a
swer! of smoothly interpolating between the absence a
presence of acoustic oscillations. We find that, at most, th
is tentative evidence for acoustic oscillations with the curr
CMB data sets. We subsequently use the interpeak separ
~or acoustic oscillation frequency! to derive a constraint on
the geometry of the universe. Such a constraint is indep
dent of that derived from the position of the first peak. Ho
ever it is necessarily included in any analysis which cons
ers the full set of initial conditions put forward in@6#. With
the rapid progress of CMB experiments, such an analy
will become essential to obtain accurate, model independ
constraints on the cosmological parameters.
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