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Addendum to “Superimposed oscillations in the WMAP data?”
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We elaborate further on the possibility that the inflationary primordial power spectrum contains superim-
posed oscillations. We study various effects which could influence the calculation of the multipole moments in
this case. We also present the theoretical predictions for two other cosmological observables, the matter power
spectrum and the EE polarization channel.
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[. INTRODUCTION tipole moments or the statistical analysis of the significance
of the “wiggles.”
The possibility that the multipole momen®;, character-

izing the angular distribution of the Cosmic Microwave A. Multipoles splinning
Background RadiatiofCMB) anisotropy on the celestial o ) L
sphere possess superimposed oscillations has recently been!" the case where oscillations are present in the initial
investigated in Ref{1]. In that article, the superimposed os- POWer spectrum, a correct numerical computation of the
cillations originate from trans-Planckian wigglga] in the CMB muI'u_poIe moments requires one to 5|gn|f|ca_ntly boost
primordial inflationary power spectrum but the study of Refs.th® numerical accuracy of the code used to derive the so-
[1] was meant to be as independent as possible from thealled trans.fer funptlonEBJ. Indeed., !t is necessary to know
details of the underlying model. The presence of oscillationdh€se functions with a high precision if one wants to cor-
in the primordial spectrum has also been envisaged in Reféectly tran_sfer the contrl_butlon of the primordial osul!atmg
[3]. Then, it has been demonstrated that the superimposéP€ctrum into each multipole moment. In Rfeif], such high
oscillations can cause a significant improvement of the fit tgReCuracy computations have been performed withcies-
the first year Wilkinson Microwave Anisotropy Probe code[7] and various tests have been carried out in order to
(WMAP) data[4], thanks to the presence of the cosmic vari-€nsure that the multipole moments were properly computed.

ance outliers around the first Doppler peak. Moreover, it ha§/OWever, one must also pay attention to the sampling and
also been shown that the corresponding drop in tRes the splinning performed on the multipole moments. They are

statistically significant according to the so callEdest. We POth present by default to avoid prohibitive computation
have since received various inquiries about different effectiMe- The sampling requires the computation of some multi-
that could modify the result obtained in RdfL] like the POl moments only and is scale dependest, ¢ -dependent
influence of the splinning, the consideration of the IensingWh”e the splinning interpolates between those multipole mo-
[5] and the way of estimating the statistical significance of"€Nts and thus allows to recover the complete angular spec-
the drop in they2. In this addendum, we clarify these issues trum. In Ref.[1], the sampling and splinning have been kept

and, in addition, present new results which are important fof© their default option which is clearly not very appropriate
the completeness of RefL], namely a fit with an improved to the case where superl_mposed oscillations are present. In-
x2 which does not suffer from the back reaction problem anc!€€d. @s long as the multipole momea@sare not computed

the prediction for two other cosmological observables, thd®r €ach¢, there is the danger to undersample the signal
matter power spectrum and the EE polarization channel. Fiyvhlch could result in the appearance of oscnl_atlons with an
nally, we would like to emphasize that the general question&cOrTect frequency. At large scales, the multipole moments
analyzed in this Brief Report are important irrespective ofa'€ always calculated for each valuefoind at very small

the data set used to study them. Therefore, although we us&ales, the sampling has no effect since the oscillations con-
the first year WMAP data, the conclusions reached in thigidered in Ref.[1] are logarithmic in the Fourier space.

addendum are also valid for the future CMB data reIeases.Theremre, the danger is particularly present at intermediate
scales, i.e., around the first Doppler peak. In this Brief Re-

port, we have removed the sampling and the splinning from
Il. ROBUSTNESS OF THE WIGGLES the caMB code such that each multipole is now computed.

In this section, we investigate effects that could possiblyone finds that this does not affect the determination of

. _4 .
influence either the numerical calculation of the CMB mul-th€ multipole moments as long as =4x10"" (with
£,=10"2), but starts to modify theC,’s at intermediate

scales for smaller values in accordance with the previous
*Electronic address: jmartin@iap.fr discussion(see Fig. 1 Let us also recall that is the

TElectronic address: christophe.ringeval@physics.unige.ch dimensionless parameter controlling the frequency of the os-
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FIG. 1. The TT, TE and EE angular power spectra for the low
frequency(LF) and high frequency¥HF) models. A zoom of the
C}T's in the first Doppler peak region is also shown and compare

with the standard slow-roll prediction calculated with the same cos-

mological parameters.

cillations. It is given by the ratio of the Hubble parameter
during inflation to the scale at which the new physics is
supposed to show umOEH/MC. Therefore, we conclude

that the sampling or splinning option has an important effec

and must be treated with great care. However, despite th

ef

above discussion, we show below that we essentially recov
the same fit as the one displayed in Réf.up to some small
differences.

B. Lensing

PHYSICAL REVIEW D59, 127303 (2004

calized feature in the Fourier space as studied in F&f.
but, on the contrary, constitute a modification which, in some
sense, is spread everywhere.

C. Exploring the “fast” parameter space

We now turn to the effects that could influence the search
of the likelihood maxima and/or the analysis of their statis-
tical significance.

As noticed in Ref[1], the fact that it is necessary to boost
the computation accuracy in order to correctly transfer the
oscillations significantly increases the computation time for
one model. The use of the samplirigee the discussion
above, as in Ref.[1], permits us to explore the full9-
dimensional parameter space using Monte Carlo methods
implemented in thecosmomc code[8]. Nevertheless, this
exploration remains clearly limited and may have very well
missed the global maximum of the likelihood function. As a
consequence, the fit found in Rdfl] should rather have
been called “a better fit” than “the best fit.”

In the approach advocated here, where the sampling and
splinning have been removed, the situation becomes even
worst. In this case, an exploration of the full parameter
space, even limited, is no longer possible. In order to tackle
this problem, we have fixed the cosmological parameters to
their “standard values,” determined from the best fit ob-
tained with a vanilla slow-roll power spectrum. Then, the
parameter space to be explored becomes much smaller and
now consists in the so-called “fast parameters” only, i.e., the
slow-roll parameters, the frequency and the amplitude of the
oscillations. This method allows to compute the CMB trans-
fer functions only once and, as a consequence, decreases
significantly the computation time of each Markov chain.

ut, clearly, one should keep in mind that, if the actual best
it is somewhere else in the parameter space, this method will
miss it.

D. Comparing the fits

In Ref. [1], the “best fit” obtained after a limited explo-
ration of the full parameter space and characterizegby
~1415.4 (1340 DOF) has been compared to the best infla-
jonary fit published in Refl4], the x? of which is given by
2=~1431 (1342 DOF). Hence the numbery?=15 re-
ported in that article. However, the best fit of Rpf] has
been derived under the assumption that the primordial power
spectrum is of the fornk"s~ ! which is not exactly the slow-
roll prediction[9]. In addition, no gravitational waves have
been included whereas this is automatic in the slow-roll ap-
proach because of the consistency check of inflation. There-

It has been suggested that CMB lensing effects could blufore, the numben y?= 15 does not describe the effect of the

superimposed oscillations. This could have an influence owiggles only. In order to disentangle the influence of the
the fit found in Ref.[1] since this one corresponds to high wiggles from the effects of the other parameters, one should
frequency wiggles. However, we have checked by mean ofirst determine the best fit obtained with a standard slow-roll
the full sky lensing routines implementeddame [7] that,  power spectrum and then compare this fit to the one obtained
even in this case, the wiggles around the first Doppler piafter the addition of the oscillations, keeping the same values
remain almost unchanged. This result is expected since thHer the cosmological parameters. Our best slow-rolvith-
damping due to lensing is mainly proportional to the ampli-out the oscillations corresponds to a model withy?

tude of the superimposed oscillatiof. Moreover, one has =1429.3 (1342 DOF), i.e., a difference afy>=2 in com-

to keep in mind that oscillations do not correspond to a lo-parison with the best fit of Ref4]. Therefore, the effect of

127303-2
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TABLE I. Best HF and LF fit parameters from the WMAP data. The pivot scale and theﬁ(i)n(maee Ref[1]) are still chosen such that
k. /a, =M =0.01 Mpc*.

Type |X|a'0 o, h Qh? Qgeh? Q, T Pscalar €, €, n=1-2¢ —¢, X2/DOF

HF 0.107 1.X10* 0.734 0.024 0.116 0.74 0.1294 2360 0.012 —0.0298 1.005 1418.4/1340

LF 0.047 34104 0.734 0.024 0.116 0.74 0.1294 2370 ° 0.010 —0.0226 1.002 1420.8/1340
adding oscillations is more accurately described Ay? Finally, in Fig. 1, we present the HF and LF fits and in
=13 rather than 15. In the following, the evaluationfdof?  Fig. 2 we plot the cumulative residugf with respect to the
will always refer to a comparison with this slow-roll fit. standard slow-roll model.

IIl. OTHER COSMOLOGICAL OBSERVABLES

E. The new improved fits In Ref. [1], we have only presented predictions for the

_ _ _ _ quantitiesC;" and C;F. However, two other important ob-
In this section, we present two interesting models correxeryaples, for which data already exist or will be available

sponding to two local maxima of the likelihood, the im- yery so0n, are the matter power spectrum and the EE polar-
provements discussed before having been taken into accoury, .. channelCEE. In this addendum, we calculate these
The results are summarized in Table I. One model, labele L '

: . . 0 observables in the case where superimposed oscillations
“HF” (high frequency, corresponds to very rapid oscilla- P P

1 i “ P are present.

tlons”, w]tule the oth_?rr], IaHbFeIeddLIF_(Iow fre?ulfncy, 'Tastath In Fig. 3, we present the matter power spectrum corre-

ftr)natefft”requ;r}cfy. de' Rmfo[le] IS essiﬁn '? )t/)ISITI' arthot esponding to the two HF and LF best fit values given in Table
est it’ model found in Ret. | (see the Table | in tha I, together with the current SDSE.0] deconvolved power

article), hence justifying the claim that one recovers almost

th lution despite th facts studied in thi pectra in the linear regime. It is obvious that the oscillations
deengsmeTsr?eui:ggrO\?:ﬁ::nt oef ?gév ii sg\;; u2 Iel 1I?Nithls aGre transferred from the initial power spectrum to the matter
. X =

two additional parameters, that is to say slightly less goo ao)ower spectrum since there are linked by a transfer function
: ’ - ~only, P(k)=T(k)P, . For the HF LF fi hat th
(Ax?=2) but still of the same order of magnitude as the fit iy, P(k) =T(k)P, . For the HF and s, we see that the

. . o oscillations are well within the error bars. We have also com-
found in Ref.[1]. The c_orrespondm@ prob_ablllty '_S'F_Pmba ._puted the convolution of the LF and HF oscillatory power
=0.6% and hence the improvement remains statistically S'gépectra with the sloan survey windows functiafig. 3. It
nificant. As discussed in Ref1], this model suffers from & ;s cjear that the HF and LF convolved matter power spectra

severe back-reaction problem. : :
: are fully degenerate with the vanilla slow-roll power spec-
As already mentioned, the LF model seems to be aIsQ y deg P P

i ) rum. As a consequence, we conclude that, with the currently
favored by thg datz;. Admittedly, the !r_nprovement of e available large scale structure data, no constraint can be put
is less good with\ y“=8.5 for two additional parameters but

- o on the parameters controlling the shape of the oscillations.
corresponds td-op~1.87%, demonstrating that it is also

o P i Finally, in Fig. 1, we present the EE polarization multi-
statistically significant. Furthermore, this model no Iongerpo|e moments. As can be seen from the figure, the oscilla-
suffers from the back-reaction problem which is, from the

theoretical point of view, an important advantage. Indeed lions are also transferred ©FF. Itis likely that the future
L a ’ “Polarization measurements will play an important role in de-
can be seen from Eq11) in Ref.[1], back reaction effects B biay P

are important for small values of . i.e., in the case of high ciding whether the .superimposed. oscil!ations are really
o T present in the data since the drop in tpis, for the mo-
frequency wiggles. This explains why the LF fit can satisfyment, almost insensitive to polarizatideee Fig. 2 With
the backreaction constraint. more accurate polarization data at our disposal, this situation
will certainly change.
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FIG. 2. Cumulative residua¢“ for the LF and HF models, com-

pared to the standard slow-roll one. The dastred) curve repre- FIG. 3. Predicted matter power spectra for the LF and HF mod-
sents the temperature contribution, the dotfielde) curve the po- els, compared to the deconvolved SDSS dafd. The convolved
larization contribution, and the solitblack curve is the sum of power spectra by the sloan survey windows function are also plot-
these two effects. ted.
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IV. CONCLUSIONS requires the knowledge of the likelihood maxima for the dif-

. . . . ferent models under consideration. However, by only varying

e e Vot e st parametrs”one may expect t cficieny probe
P 99 the corresponding subspace. Therefore, an interesting im-

multipole moments. We have shown that the splinning is anprovement of the present work would be to compute the

important parameter which, in the presence of high fre's¥atistical evidence in this subspace, thus providing us with a

guency superimposed oscillations, can influence the shape S e )
the of CMB angular spectrum at intermediate scales. Wealfferent test of the statistical significance of the wiggles.

have shown that the model presented in Ré&f. remains

favored by the datéup to a variation ofA y?=2). Two other ACKNOWLEDGMENTS
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