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We consider for the first time the ability of present-day cosmic microwave backgi@ma) anisotropies
data to determine the primordial helium mass fractign We find that CMB data alone give the confidence
interval 0.166<Y,<0.501 (at 68% C.L). We analyze the impact on the baryon abundance as measured by
CMB and discuss the implications for big bang nucleosynthesis. We identify and discuss correlations between
the helium mass fraction and both the redshift of reionization and the spectral index. We forecast the precision
of future CMB observations, and find that Planck alone will meatyravith error bars of 5%. We point out
that the uncertainty in the determination of the helium fraction will have to be taken into account in order to
correctly estimate the baryon density from Planck-quality CMB data.

DOI: 10.1103/PhysRevD.69.023509 PACS nuni§er98.80—k, 04.50:+h, 95.35:+d, 98.70.Vc

[. INTRODUCTION dependence of the CMB power spectrum 6 is rather
mild, a fact which makes it presently safe to fix the value of
Our understanding of the baryon abundance has increasélde helium mass fraction with zero uncertainty for the pur-
dramatically over the past few years. This improvementpose of CMB data analysis of other cosmological param-
comes from two independent paths: namely, big bang nueters.
cleosynthesis(BBN) and cosmic microwave background  The paper is organized as follows. In Sec. Il we review
(CMB) radiation. Absorption features from high-redshift the standard big bang nucleosynthesis scenario. Sec. IlI dis-
quasars allow us to measure precisely the deuterium abugusses the role of the helium mass fraction for cosmic mi-
dance, D/H. Combined with BBN calculations, this providescrowave background anisotropies, the methods used and re-
a reliable estimate of the baryon to photon ratip,An in-  sults. We discuss our forecast for future CMB observations
dependent determination of the baryon content of the Uniin Sec. lll D, and offer our conclusions in Sec. IV.
verse from CMB anisotropies comes from the increasingly
precise measurements of the acoustic peaks, which bear a
characteristic signature of the photon-baryon fluid oscilla- . BIG BANG NUCLEOSYNTHESIS
tions. The agreement between these two completely different
approaches is both remarkable and impress$see details )
below). The time is therefore ripe to proceed and test the The standard model of big bang nucleosynth€SBBN)
agreement between other light elements which are alsBas only one free parameter, namely the baryon to photon
probed both with BBN and CMB. ratio 7;10=nb/n7101°, which for long has been known to be
The helium abundance has been measured for many yedfsthe range 1-102]. Thus by observing just one primordial
from astrophysical systems. However, the error bars argght element one can predict the abundances of all the other
seemingly dominated by systematic errors which are hard tdght elements.
assess. Fortunately, the dependence of the helium mass frac- The deuterium to hydrogen abundance, D/H, is observed
tion on the CMB anisotropies provides an independent wayy Ly-« features in several quasar absorption systems at high
to measureY,,. The aim of this work is to present the first redshift, D/H= 2.78°0534<107° [3], which in SBBN trans-
determination of the helium abundance from CMB alone/ates into the baryon abundancey;,=5.9+0.5. Using
and to clarify the future potential of this method. The latestSBBN one thus predicts the helium mass fraction to be in the
CMB data are precise enough to allow taking this furtherrange 0.247€Y,<<0.2487. The dispersion in various deute-
step, and in view of the emerging “baryon tension” betweenrium observations is, however, still rather large, ranging from
BBN predictions from observations of different light ele- D/H=1.65+0.35x10° [4] to D/H=3.98"332x10 ° [3],
ments[ 1] possibly requires taking such a step. The advantagahich most probably indicates underestimated systematic er-
of using CMB anisotropies rather than the traditional astro+ors.
physical measurements, is that CMB provide a clear mea- The observed helium mass fraction comes from the study
surement of the primordial helium fraction before it could beof extragalactic Hi regions in blue compact galaxies. One
changed by any astrophysical process. On the other hand tleareful study[5] gives the valueYp=0.244+0.002; how-
ever, also here there is a large scatter in the various observed
values, ranging fromY,=0.230-0.003 [6] over Y,
*Electronic address: roberto.trotta@physics.unige.ch =0.2384-0.0025[7] and Y,=0.2391+0.0020(8] to Y,
TElectronic address: hansen@physik.unizh.ch =0.2452+0.0015[9]. Besides the large scatter there is also

A. The standard scenario
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tion. All that is needed is additional nonequilibrium electron
- neutrinos produced at the time of neutrino decoupling which
0.25f . would alter then— p reaction. This could alter the resulting
I I | helium mass fraction while leaving the deuterium abundance
L T I D+SBBN i unchanged. One such possibility would be a heavy sterile

present CMB

neutrino whose decay products incluee A sterile neutrino
with lifetime of 1-5 sec and with decay channel— v,
w0248 ] + ¢ with ¢ a light scalar(like a majoron, would leave the
I I 1 deuterium abundance roughly untouched, but can change the

B CVL -~ helium mass fraction betweedY,=—0.025 andAY,

- =0.015 if the sterile neutrino mass is in the range 1-20 MeV

i [22]. A simpler model would be standard neutrino oscillation
between a sterile neutrino and the electron neutrino. The life-
time is about 1 sec when the sterile state has mass about 10

Astrophysical CMB alone MeV, and the decay channel ig— vo+1+1 (with | any

, light lepton, and such masses and lifetimes are still uncon-
e s o Stined o lrge ming anglz) et BEN sues ae
phy ? discussed in Refd.24-27). Such possibilities are hard to

1— o statistical errors, and the value inferred from deuterium mea-COnstrain without an independent measurement of the helium
surements combined with SBB(Xed (see text for referencgsOn P

) . . . mass fraction.
the right(green, a direct comparison with CMB present-day accu- . . . .
racy (actual data, this work; the error bar extends in the range Another much studied effect of neutrinos is the increased

0.16<Y,<0.50) and with its future potentidFisher matrix fore- €XPansion rate of the universe if additional degrees of free-
P i ; imi ; dom are preser(for BBN), and the degeneracy between the
cast for Planck and a cosmic variance limited experiment pres ' € deg acy
total density in matter and relativistic particlé®r CMB).

] ] ] This issue has recently been studied in detail in Réf3,28
the problem that the helium mass fraction predicted fromy, view of the new WMAP results, and we need not discuss

observation of deuterium combined with SBBN, 0.2470thjs further here. We thus fiX,=3.04[29]. Also an electron
<Yp<0.2487, is larger thatend seems almost in disagree- pneytrino chemical potential could potentially alter the BBN
ment with most of the observed helium abundances, whichyregictions[30], however, with the observed neutrino oscil-
probably points towards underestimated systematic errorgation parameters the different neutrino chemical potentials

rather than the need for new physics10]. Figure 1 is &  \ould equilibrate before the onset of BEIS1], hence vir-
compilation of the above measurements, and offers a dwqua"y excluding this possibilitysee howevef32)).

comparison with the currerftarge errors from CMB obser-

Planck

vations(presented in Sec. III_ belo)vand_wnh the potential of Il COSMIC MICROWAVE BACKGROUND
future CMB measurementsliscussed in Sec. Il D
The observed abundance of primordfai using the Spite A. Photon recombination and reionization

plateau is possibly spoiled by various systematic effects g recent WMAP data allow one to determine with very

[11,12). Therefore it is more appropriate to use the SBBNhigh precision the epoch of photon decoupliag, i.e., the
predictions together with observations to estimate the deples

. R g , . spoch at which the ionized electron fractione(z)
tion factorf= "Lips/ Lipim instead of using'Ligpsto infer =ne/ny, has dropped from 1 to its residual value of order
the value ofn [14-17.

. - 10™“. Heren, denotes the number density of free electrons,
The numerical predictions of standard BBEs well as

X ; ) while ny is the total number density of H atonlsoth ion-
various nonstandard scenapidgve reached a high level of H y i

5 d th < £ th ges | ized and recombined After this moment, photons are no
accuracy[13,14,18-2}, and the precision of these codes is |5 ger coupled to electrondast scattering and they free
well beyond the systematic errors discussed above.

stream. The redshift of decoupling has been determined to be
_ Zgo= 1088" % [33], which corresponds to a temperature of
B. The role of neutrinos about 0.25 eV. Helium recombines earlier than hydrogen,

If the CMB-determined helium mass fraction turns out toroughly in two steps: around redshift= 6000 Helll recom-

be as high as suggested by SBBN calculations combinellines to Hel, while Hell to Hel recombination begins

with the observed deuterium abundanéas discussed aroundz<2500 and finishes just after the start of H recom-

above, this could indicate a systematic error in the presenbination(see e.g[34-37).

direct astrophysical helium observations. Alternatively, if the ~Denoting byn,, andn, the number densities per’nof

CMB could independently determine the helium value withHe atoms and baryons, respectively, the helium mass fraction

sufficient precision to confirm the present low helium valueis defined asY,=4ny./n,. The baryon number density is

coming from direct observations, then this would be a smok+elated to the baryon energy density today,, by ny

ing gun for new physics. In fact, one could easily imagine=11.3(1+2)%w, and we haveny=ngp(1—-Y,). Usually, the

nonstandard BBN scenarios which would agree with preseribnization history is described in terms Bf(z) =ne/(ny(1

observations ofy,o, while having a low helium mass frac- —Y)). However, for the purpose of discussing the role of
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lated way with w,, since the number density of free
electrons in the tight coupling regimgst before H recom-
bination) scales a®i,=f.n,=n,(1—-Y,). Hence an increase
in w, can be compensated by allowing for a larger helium
fraction. An analytical estimate along the same lines as in
e.g.[2] indicates that a 10% change ¥y, affects zye. by
roughly 0.1%, which corresponds &z .~1. This is of the
same order as the currentrlerrors onzy.., Obtained by
fixing Y,=0.24.

After H recombination, the residual ionized electron frac-
tion f¢*does not depend o, , but is inversely proportional

. ! to the total baryon densitjphase(c)]. As the CMB photons
1x107E- e 3 propagate, they are occasionally rescattered by the residual
20 eiehiit 1100 2500 6000 free electrons. The corresponding optical deptf?is given

b

FIG. 2. Evolution of the number density of electrons normalized Y
to the number density of baryon,=n./ny, as a function of red- res. tdec o
shift for different values of the helium fractiori, . The black-solid = . Ne Todt
curve corresponds to the standard vaNig=0.24, and the red- 0
dashedblue-dot-dashegdcurve toY,=0.36 (Y,=0.12). The labels Zdec (1+z)2

(a) to (d) indicate the four different phases discussed in the text. ~1.86x 1076f0 (1+2)%+0Q, /Qm)de. W

Yo, it is more convenient to consider the quantit(z)  performing the integral we can safely neglect the contribu-
=nNe/ny instead, the ratio of free electrons to the total NUM-~;5 of the cosmological constant at small redshift, since
ber of baryons. For brevity, we will cafi, the free electron Zge> Q5 1Q,,. Retaining only the leading term, the approxi-

fraction. Once the baryon number density has been set bY\ated optical depth from the residual ionization fraction is
fixing wp,, one can think ofY, as an additional parameter estimated to be

which controls the number of free electrons available in the

tight coupling regime. The CMB power spectrum depends on 7€~ 1.24X 107 5(1 + 2400 ¥?~0.045, 2

the full detailed evolution of the free electron fraction, but

we can qualitatively describe the role of helium in four dif- independenbf the Cosmo|ogica| parameters and of the he-
ferent phases of the ionization-recombination histége  |jum fraction. Therefore after last scattering we do not expect

Fig. 2). o any significant effect on CMB anisotropies coming from the
(@) Before Heil recombination all electrons are free, primordial helium fraction, until the reionization epoch.
thereforefo(z>6000)=1-Y /2. Fairly little is known about the exact reionization mecha-

(b) Hen progressively recombines and just before Hnjsm and its redshift dependender a review see e.g38]).
recombination beginsf, has dropped to the valué(z  Observation of Gunn-Peterson troughs indicate that the uni-
~1100)=1-Y,. verse was completely ionized after redshift6, when the

(c) After decoupling, a residual fraction of free elec- universe seemingly completed the reionizafidg], possibly
trons freezes out, giving fo(30=z=800)=f~2.7 for the second tim§40]. If temperature information only is

X 10 ° o/ wp . available, CMB anisotropies are sensitive only to the inte-
(d) Reionization of all the H atoms giveg,(z<20)=1 grated reionized fraction, represented by the optical depth,
—Y,. independent of the specific reionization history. However,

During phasga), the photon-baryons fluid is in the tight specific signatures are imprinted on the E-polarization and
coupling regime. However the presence of ionized He inET-cross correlation power spectra by the detailed shape of
creases diffusion damping, therefore having an impact on thtéhe reionization historyfor a detailed discussion, s¢é1—
damping scale in the acoustic peaks region. When the det]). There are several physically motivated reionization sce-
tailed energy levels structure of Heis taken into account narios, which however cannot be clearly distinguished at
[37], the transition to phasgd) is smoother than in the Saha presen{45,46. In this work we use the most simple model,
equation approximation. Therefore the plateau wige=1  the sudden reionization scenario: we assume that at the
—Y, is not visible in Fig. 2. Before H recombination, He reionization redshiftz, all the hydrogen was quickly reion-
atoms remain tightly coupled to H atoms through collisions,ized, thus producing a sharp risergffrom its residual value
with the same dynamical behavior. In particular, it is the totalto n,,. More precisely,z, is the redshift at whichxg(z)
wp, Which determines the amount of gravitational pressure or=0.5. In our treatment we neglect kereionization, for
the photon-baryons fluid, and which sets the acoustic pealhich there is evidence at a redstife 3 (see[47] and ref-
enhancement or suppression. Hence we do not expect tlegences therejnThis effect is small, since the extra electron
value ofY, to have any influence on the boostifeyppres- released ax~3 would change the reionization optical depth
sion of odd (even peaks. The redshift of decouplifigan- by about only 1%. We also neglect the increase of the helium
sition betweer(b) and(c)] depends mildly orY, in a corre-  fraction due to nonprimordial helium production, which has
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a negligible effect on CMB anisotropies. Those approxima-  gx10-1

tions do not affect the results at today’s level of sensitivity of

CMB data: for WMAP noise levels, even inclusion of the & gxjo-10

L. . s . 2%}

polarization spectra is not enough to distinguish between . X

sudden reionization scenario and a more complex reionize E; 4x10-10

tion history. At the level of Planck a more refined modeling =

of the reionization mechanism will be necesspty,48. i; 2x10-10
In the sudden reionization scenario adopted here, the re =<

lation between reionization redshift and reionization optical

[T T rrrrrT

oL
depth, ,, is given by 10 ' tod ' ' b
treion 5 :_ _:
= neCodt C ]
to r ,-\_/—\—”\~:
3 OF -c:-(‘;—\/\/\/:
Zrd77 N k
~11.Xorw,(1-Y,) . Edz, (3 sEF 3
. . . . . -10 E AT BRI B ] | I
wheret is physical time,» is conformal time anc the scale 10 50 400 800 1200 1600

factor. Here again, since the number density of reionizec
electrons scales as,(1—Y/), the redshift of reionization is
positively correlated withY,, (for fixed optical depth and
baryon density.

As a result of the physical mechanism described above,
10% change inY, has a net impact on the CMB power
spectrum at the percent level. The impact on the CMB tem
perature and polarization power spectra is highlighted in Fig
3. In the temperature panel, we notice that a larger heliun
fraction slightly suppresses the peaks because of diffusio
damping, while it has no impact on large scales. Polarizatiol
is induced by the temperature quadrupole component. Whe
reionization occurs, there is a generation of polarized powe
on the scale corresponding to the acoustic horizon size at tF
reionization redshift. This particular signature is called the
“reionization bump,” and is clearly visible in the bottom LN
panel of Fig. 3 in th& ~10 region. The position of the bump
in multipole space scales e(’%umpoc\/z—r [49]. As discussed
above, a change in the helium fraction implies a shift of the y ]

. . . . . . . —-10 el gl 1 1 | 1 | L | M
redshift of reionization for a giverifixed) optical depth, 10 50 400 800 1200 1600
therefore the value of , has an effect on the position of the 1
reionization bump in the polarization power spectrum, but
not on its height, which is controlled by the optical depth and FIG. 3. CMB temperaturétop panel and polarizationbottom
is proportional tor?. This effect is highlighted in the bottom pane) power spectra and percentage difference with two different
panel: a 10% change M, induces roughly a 10% change in values of the helium fraction for a standasdCDM model. The
the position of the bump The subsequent two oscillatorysolid-black(dashed-blugline corresponds to a 10% largemalle)
features fort <50 reflect the displacement of further second-value ofY, with respect to the standard valug,=0.24. All other
ary, reionization induced polarization oscillations. However, Parameters are fixed to the value of our fiducial mdd@able ); in
since the value of polarized power is very low in that region,particular, we haver,=0.166.
such secondary oscillations are very hard to detect precisely.

In principle, given an accurate knowledge of the reionization Other light elements like deuterium and helium-3 are
history, the effect ofY, on the polarization bump would much less abundant, and will therefore have even smaller
assist into determmlng the helium abundance. However, ougffect on the CMB power spectrum, at the order of 10
ignorance of the reionization history prevents us from recov-
ering useful information out of the measured reionization
bump. The displacement induced Wy is in fact degenerate
with a partial reionization, or with a more complex reioniza- We use a modified version of the publicly available Mar-
tion history (see[44]). Hence constraints o¥, come effec-  kov Chain Monte Carlo packageosmomMc[50] as described
tively from the damping tail in the =400 region of the in [51]in order to construct Markov Chains in our 7 dimen-
temperature spectrum, which needs to be measured with vegjonal parameter space. We sample over the following set of
high accuracy. cosmological parameters: the physical baryon and CDM den-

10-12 ;

1(1+1)CEE/2n
-

10-14 ;

B. Monte Carlo analysis
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sities, w,=Q,h? and w,=Q:h?, the cosmological constant

in units of the critical density), , the scalar spectral index

and the overall normalization of the power spectrugand

A, (see Sec. Il D below for a more precise definitiothe

redshift at which the reionization fraction is a hatf,, and 0
the primordial helium mass fractiorY,. We restrict our
analysis to flat models, therefore the Hubble paraméter,
=Hy/100 km s *Mpc™?, is a derived parameteh=[(w,
+wp)/(1-Q,)]Y2 We consider purely adiabatic initial
conditions, and we do not include gravitational waves. In the
CMB analysis, we assume 3 massless neutrino families and
no massive neutrinos. We include the WMAP dg52,53
(temperature and polarizatipwith the routine for comput-

ing the likelihood supplied by the WMAP teaf®4]. We

Likelihood

make use of the CB[55] and of the decorrelated ACBAR 0.

[56,57 band powers abové=800 to cover the small angu-
lar scale region of the power spectrum.

SinceY , is a rather flat direction in parameter space with
present-day data, we find that a large number of samples is
needed in order to achieve good mixing and convergence of

the chains in the full 7D space. We ubk=4 chains, each FIG. 4. One-dimensional posterior likelihood distribution for the
containing approximatel\N=3x10° samples. The mixing helium mass fractiony

diagnostic is done on the same lines a$54], by means of ine is for all other parameters marginalized; the dashed-red line

0.

0.

.8

6

4

0
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o

p:

the Gelman and Rubin criteriofb8]. The burn-in of the gives the mean likelihood.

chains also takes longer than in the case whé&yas held

using CMB data only. The solid-black

fixed, and we discard 6000 samples per chain.

C. CMB analysis results

high €. Precise measurements in the small angular scale re-
gion should reveal the expected positive correlation between
the baryon and helium abundances, which is potentially im-

Marginalizing over all other parameters, we find that theportant in order to correctly combine BBN predictions and
helium mass fraction from CMB alone is constrained to beCMB measurements of the baryon abundance. We turn to

Y,<0.647 at 99% C.L(1 tail limit), and
0.160<Y,<0.501

at 68% C.L.(2 taily. Thus, for the first time the primordial

this question in more detail in the next section. In SBBN the
baryon fraction and helium fraction are correlated along a

(4)

helium mass fraction has been observed using the cosmic gl

microwave background. However, present-day CMB data do

not have sufficient resolution to discriminate between the 0.8}

astrophysical helium measuremenig~0.244, and the deu-

terium guided BBN predictionsy,~0.248, which would 0.7r
require percent precision.

In Fig. 4 we plot the marginalized and the mean likeli- 0.67
hood of the Monte Carlo samples as a functiorvgt If the a

likelihood distribution is Gaussian, then the 2 curves should > 05)

be indistinguishable. The difference between marginalized

and mean likelihood folY,, indicates that the marginalized 0.4r

parameters are skewing the distribution, and therefore that

correlations play an important role. Although the mean of the 0.3

1D marginalized likelihood is rather higf£(Y,))=0.33,
the mean likelihood peaks in the region indicated by astro-
physical measurementg,~0.25. In view of this difference,
it is important to understand the role of correlations with
other parameters, and we will turn to this issue now.

In Fig. 5 we plot joint 68% and 99% confidence contours
in the (w,,Y,) space. From the Monte Carlo samples we

SBBN

0.2r

0.1

0.02 0.022 0.02(3 0.026 0.028
b

obtain a small and negative correlation coefficient between E|G. 5. Joint 68% and 99% confidence contours in g (/)

the two parameters coi(,,w,) = —0.14. Baryons and he- plane from CMB data alone. The solid-blue line gives the SBBN
lium appear to be anticorrelated simply because present-dayediction[14], which on this figure almost looks like a straight

WMAP data do not map the peaks structure to sufficientlyline.
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different direction(cf. Fig. 5. However, this correlation is 30
very weak, and the SBBN relation gives practically a flat

line. Since the two parameters are not independent from the
CMB point of view, it is in fact not completely accuratetodo _ 20
the CMB analysis with fixed helium mass fraction ¥f, N
=0.24 to get the error bars on the baryon fraction, and then
reinput this baryon fractiorfand error bansto predict the 10¢
helium mass fraction from BBN. The most accurate proce- 5
dure is to analyze the CMB data leavikg as a free param-
eter, thereby obtaining the corregiotentially larger error
bars onw, upon marginalization ovey,,.

In view of the emerging baryon tension between CMB
and BBN, it is important to check whether allowing helium
as a free parameter can significantly change the CMB deter-
mination of the baryon density or its error. In order to evalu-
ate in detail the impact of,, on the error bars fow,, we “ 02
consider the following 3 cases.

(a) The usual case, when the helium fraction for the CMB
analysis is assumed to be knowarpriori and is fixed to the
canonical valuey,=0.24. _ _ _ 0 02 04 06 0.8

(b) A case with a weak astrophysical Gaussian prior on Y
the helium fraction, which we take to b§,=0.24+0.01. As
discussed above, the error bars of the astrophysical measure-FIG. 6. Joint 68% and 99% confidence contours in t¥g,¢,)
ments are typically a factor 5 tighter than this, but our priorplane(upper paneland in the correspondingr(, , ) plane(bottom
is chosen to encompass the systematic spread between tbene) from CMB data alone. In the upper panel, the solid-red line
different observations. is the relatiorz,(Yp) from Eqg.(3), obtained by fixing the reioniza-

(c) The case in which we assume a uniform prior‘f’grin tion optical depth to the value=0.166, while the other parameters

the range @&Y,<1, i.e.Y, is considered as a totally free &€ the ones of our fiduciahCDM model of Table I. Although
P e learly th t sh Y,) depends on the particular choi
parameter. clearly the exact shape af(Y,) depends on the particular choice

of cosmology, it is apparent that thg —z, degeneracy is along this
We do not find any significant change in the error bars fordirection. The correlation betweef),— r, is almost negligible with
wy in the 3 different cases. The confidence intervalsugn  present-day datébottom panel
alone are determined to ease(c)] 0.0221< w,<0.0245 at

68% C.L. (0.0204 w,<0.0276 at 99% C.L. The standard  additional degree of freedom given by broadens consid-
deviation ofw, as estimated from the Monte Carlo sampleserab|y the error bars om . In fact, the 68% confidence in-

is found to ber,=1.3x 10" 3. This is in complete agreement terval for z, increases by roughly 20%and shifts to some-
with the error bars onw,, obtained by the WMAP team for what higher values from 10.2—20.9case(a)] to 10.6-23.3
the standard\CDM case[33]. We conclude that at the level [case(c)]. Case(b) exhibits similar error-bars as ca&®. On

of precision of present-day CMB data, it is still safe to treatthe other hand, the determination of the reionization optical
the baryon abundance and the helium mass fraction as inddepth is not affected by the inclusion of helium as a free
pendent parameters. This result is nontrivial, since the fagbarameter, giving in all cases 048,<0.23. Correspond-
that the damping tail is not yet precisely measured above thiagly, the correlation is less significant, cor, )
second peak woul@ priori suggest that degeneracies be-=—0.11. We therefore conclude that the differences in the
tweenY,, w,, andng could potentially play a role once the determination ofz, are due only to the variation of the
assumption of zero uncertainty ofy is relaxed. The impact amount of electrons available for reionization &g is

of Y, is small enough, and the error bars@plarge enough  changed.

that a uniform prior oy, can still be accommodated within LeavingY, as a free parameter also has an impact on the
the uncertainty in the baryon abundance obtained for caseslation betweenv, and the scalar spectral index,. The

(a). However, theY,— wy, correlation will have to be taken extra power suppression on small scales which is produced
into account to correctly analyze future CMB data, with aby a largerY, can be compensated by a blue spectral index
quality such as Planck. We discuss this potential in the nextsee Fig. 7.

section.

We observe the expected correlation between the redshift
of reionization and the helium fractiofFig. 6), which is
discussed above. The correlation coefficient between the two In order to estimate the precision with which future satel-
parameters is found to be rather large and positivelite CMB measurements will be able to constrain the helium
corr(Yy,z,)=0.40. This correlation produces a noticeablemass fraction we perform a Fisher matrix analy$siA).
change in the marginalized 1D-likelihood distribution for ~ This technique approximates the likelihood function with a
as we go from casé) to case(c). Marginalization over the Gaussian distribution around a fiducial model, which is as-

0.4f

D. Potential of future CMB observations
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1.1} k)”s‘l

Pg(k)=AS(k—0
(and we do not take running into accounthe quantity?
corresponds to the intrinsic curvature perturbation on comov-
ing hypersurfaces, and at the end of inflation is related to the
gravitational potential perturbatiol,, by =3V (see e.g.
[68] for more details We take the pivot-scalk, to be kg
=0.05 Mpc . If 7, denotes the optical depth to reioniza-
tion, then defining7=Asexp(—27) is a good way to take
into account the degeneracy between the optical depth and
normalization. Our parameter set contains then the six above
physical parameters4,5,V,R,M,T), the power spectrum
. g normalizationAg, the scalar spectral index and the helium
oo . ‘ ‘ ‘ ‘ ‘ fractionY,,.
0.021 0.022 0.023 0.024 0.025 0.026 0.027 The choice of the physical parameter set makes it easy to
) implement in the FMA interesting theoretical priors. For in-
-I:_ stance, we are interested in imposing flatness in our forecast,
in order to be able to directly compare present-day accuracy
01 02 03 Y, 04 05 06 07 onY, with the potential of Planck and CVL. The prior on the
curvature of the universe is imposed in the FMA by fixing
FIG. 7. (Color Scatter plot in thev,—ng plane, with the value the value of the parametet to the one of the fiducial model.
of Y, rendered following the color scale. Green correspondsin fact, the parameterl is a generalization of the shift pa-
roughly to the SBBN preferred value. rameter, which describes the sideway shift of the acoustic
peak structure of the CMB power spectrum as a function of
sumed to be the best fit model. The Fisher information mathe geometry of the universe and its content in matter, radia-
trix F gives the second order expansion of the likelihoodtion and cosmological constant. Although imposing
around its peak, and it is computed from the derivatives of=const is not the same as having curvatatenstant over
the power spectrum with respect to the cosmological paramthe full range of cosmological parameters, for the purpose of
eters. The expected performance of the experiment can kavaluating derivatives the two conditions reduce to the same.
modelled with a noise contribution to the likelihood function, The fact that our fiducial model is actually slightly opeee
which is described in terms of a few experimental param-below), does not make any substantial difference in the re-
eters. The covariance matitis then given by the inverse of sults, apart from reducing the numerical inaccuracies which
the Fisher matrix,C=F . It is then straightforward to would arise had we computed the derivatives around an ex-
evaluate the expectedolerror on parameter, which is  actly flat model. We can also easily impose a prior knowl-
given by \/C—n (all other marginalized The main advantage edge of the helium fraction, by fixing the valuetf, asitis
of the FMA is that it gives reliable and accurate predictionsusually done in present CMB analysis, and investigate how
(including information on the expected degeneraciegh  this modifies the expected error on the baryon density.
minimal computational effort. For further details on the
Fisher matrix formalism, see e.[h9-64. 2. Accuracy issues

We numerically compute double sided derivative of the
power spectrum around the fiducial model with cosmological

In order to obtain a reliable prediction, it is extremely parameters given in Table I. We find it necessary to increase
important to choose a parameter set wrt which the deperthe accuracy of CAMB by a factor of 3 in each of the “ac-
dence of the CMB power spectrum is as linear and uncorreeuracy boost” values. As a fiducial model, we use the best fit
lated as possible. This issue has been discussed exhaustivehpdel to the WMAP data for the standafsdCDM scenario,
in Ref. [67], where the authors introduce a set of “physical as given in Table 1 of Ref33]. However, in order to avoid
parameters” which satisfies the above requirements. In thaumerical inaccuracies which arise when differentiating
present work we retain most of the physical parameters dearound a flat model, we reduce slightly the value(bf by
fined in Ref.[67]: the ratio between the sound horizon atimposing an open universe),=0.99. We perform the
decoupling and the angular diameter distaggethe baryon  FMA for the expected capabilities of Planck’s High Fre-
density B=0Q,h?, the energy density in the cosmological guency InstrumentHFI) and for an ideal CMB measurement
constanty= () ,h?, the matter-radiation density ratio at de- which would be cosmic variance limit€€VL) both in tem-
couplingR and M, which is mainly a function of the matter perature and in E-polarizatiofand we do not consider the
and radiation content. We adopt a slightly different choice forB-polarization spectruim and therefore represents the best
the physical parameter describing reionization. For adiabatipossible parameter measurement from CMB anisotropies
perturbations, the initial power spectrum of the gauge invarialone. The complicated issues coming from foreground re-
ant curvature perturbatiofi is written as movals, point source subtractions, etc. are assumed to be

1.05¢

0.95

1. Parameters set
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TABLE |. Cosmological parameters for the fiduciAlICDM  angular scales nonprimary anisotropies begin to dominate
model around which the FMA is performed. We choose a slightly(Sunyaev-Zeldovich effegtThe authors of Ref.70] discuss
open model to avoid numerical inaccuracies in the derivatives.  the issue of numerical precision of 3 different CMB codes
and conclude that they are accurate to within 0.1%. While

Baryons Qy 0.046 this is encouraging, it is not of direct relevance to this work,
Matter Qp 0.270 since what matters in the computation of derivatives is not
Dark energy Q) 0.720 much the absolute precision of the spectra, but rather their
Radiation Qrag 7.95x10°3 relative accuracy.

Masslessy families N, 3.04

Total density Qiot 0.990 3. Forecasts and discussion

Hubble constant h 0.72 )

Optical depth . 0.166 Table Il summarizes our forecasts for the future measure-

ments and compares them with the results obtained from
WMAP actual data.

We notice that when the WMAP full 4 years data will be
available(including E-polarizatiop the error on the baryon
) , ) density is expected to decrease by a factor of 2 to 2.86%,
already(roughly) taken into account in the experlm_ental Pa- compared to today’s 5.04%assuming flatness Neverthe-
rameters for the experiment. Those are the effective Percefsss - inclusion ofY, as a free parameter will still have no
tual sky coveragésy, theTngmber of channels, the Sensitiv- effect on the determination ab, for WMAP, i.e. Y, will
ity of each channelo.™ for temperature (T) and remain an essentially flat direction when marginalized over.
E-polarization(E) in 1K and the angular resolutiof.’® (in  while the determination of the helium fraction will improve,
arcmin. For Planck HFI, we take the 3 channels with fre- the FMA cannot reliably assess quantitatively how much,
guencies 100, 143 and 217 GHz, with respecti\ml\glyzvg since for such large errors the likelihood distribution is not
=5.4,6.0,13.1 andaE:m: 11.4,26.7 and we havdg, Gaussian and the quadratic approximation breaks down. In
=0.85[69]. Since the CVL is an ideal experiment, we put its the table we therefore give the FMA estimation as an indi-
noise to zero and assume perfect foregrounds removal, smtion, with the caveat that the Fisher approximation is likely
that fg,=1. In order to test the accuracy of our predictionsto be inaccurate for the real errors & from WMAP's 4
and compare present-day results with the forecasts, we alyears data.
perform an FMA with WMAP first year parameters, obtain- It is interesting that for Planck the effect of the helium
ing excellent agreement between the FMA results and th&action can no longer be neglected. Inclusion of the helium
error bars from actual data. For the purpose of comparisorfraction increases the error omy, by roughly 80%, from
we include forecasts for the full WMAP 4 years mission, 0.70% to 1.26%. The correlation between the two parameters
which will also measure E-polarization and reduce presentwill have to be taken into account, as is evident from Fig. 8.
day errors on the temperature spectrum by a factor of 2. W&he expected correlation coefficient is cofg( wy,)
limit the range of multipoles td <2000, because at smaller =0.84 (0.91) for Planckfor CVL). The expected %+ o er-

Spectral index ng 0.99
Normalization A 2x10°°

TABLE II. Fisher matrix forecasts and comparison with present-day results, for different priors and using
different combinations of temperature and polarization CMB spectra. Errors are in percent with respect to the
values of the fiducial model,=0.24 andw,=0.0238 (1e C.L. all others marginalized

Temperature, TE-cross, E-polarization

No priors Flatness Flatness and
Y,=0.24
AYp A(Db AYp A(Db Awb
Yp wp Yp wp Wp
WMAP 4 yrs? ~50 2.92 ~40 2.86 2.86
Planck 7.60 1.31 4.96 1.26 0.70
CVL 2.59 0.34 1.52 0.32 0.13

Temperature TE-cross

WMAP 1st yrP N/A N/A 71.25 5.04 5.04
WMAP 4 yrs? ~75 4.10 ~60 3.94 3.94
Planck 8.91 1.74 6.60 1.63 0.74
CVvL 5.18 0.55 2.84 0.55 0.19

3 MA forecast, 4 years mission including E-polarization.
bActual WMAP data and other CMB experiments, this work.
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I FE L L result. It should be noticed that the forecast reported for

L _ MAP in Table 2 of Ref[72], namelyAY,=0.02, is nothing
but the Gaussian prioY,,=0.24+0.02 which was assumed

0.2 - 7 in their analysis.

L /"% i The main source of improvement for the determination of
: : / 5 Y, will be the better sampling of the temperature damping

tail provided by Planck and the CVL. Polarization measure-

. L / /) //5 ; ] ments have mainly the effect of reducing the errors on other
Caf i/ // ik | parameters. In fact, we have checked that excluding from our
a0 ////'// B FMA the 2<¢<50 region of the E-polarization and ET-
< L 1 (,// /o ] correlation spectra changes the forecast precisiol pless

: 5 than about 10-15 % for Planck and less than a few percent
i : / / il for CVL. This supports the conclusion that the Idweion-
L l Va 4 ization bump is not very useful in measuring the helium
0.2 i abundance, because of the degeneracy gyith

L i IV. CONCLUSIONS

T T We have analyzed the ability of CMB observations to
-0.1 Aw O/w 0.1 determine the helium mass fractiory, . We find that present
bl e data only allow a marginal detection, 0.¥6¥,<0.501 at
FIG. 8. FMA forecast for the expected errors from WMAP 4 68% C.L. This determination is completely independent
years mission(dotted-black, Planck(dashed-redand a CVL ex- from the usual astrophysical observations and uses CMB
periment(solid-green. The ellipses encompassdand 3¢ joint ~ data only. We discuss degeneracies betw¥grand other
confidence regions fab,— Y, (all other parameters marginalized cosmological parameters, most notably the baryon abun-
The axis values give the error with respect to the fiducial modeldance, the redshift and optical depth of reionization and the
values. This forecast is for the full CMB informatigtemperature, spectral index. We conclude that present-day CMB data ac-
TE-cross, E-polarizationand assumes flatness. curacy does not require the inclusion'tf as a free param-
eter. We find that Planck will determine the helium mass

ror onY,, is about 5% for Planck, aAY,~0.01. This is of fraction within 5% (or AY,~0.01), which however will

the same order as the spread in current astrophysical me8nly gllow a marginal discrimination between d!ﬁerent astro-
surements. We conclude that in Planck-accuracy data analfphysical measurements. Nevertheless, we point out that the
sis it will be necessary to include the uncertainty in the de_uncertaln_ty of the helium fraction WI|| have to be taken into
termination of the helium mass fraction, at least in the formdccount in order to correctly estimate the errors on the
of a Gaussian prior over,, of the type we used in the CMB baryon denglty from Planck.. To determine if the emerging
data analysis presented above. baryon tgnsmn(from BBN) is relgte_d to 'unQergstlmated

Finally, measuring CMB temperature and poIarizationSySte,mat'C error-bars or'whether it is an indication of new
with cosmic variance accuracy would allow to constrijp ~ Physics, CMB observation will have to be pushed very
to within 1.5%, orAYp~0.0036(assuming flatne$s Such close_ to _the cosmic variance limit in both temperature and
an ideal measurement would be able to discriminate betwegpPlarization.
the BBN-guided, deuterium based helium value and the cur-
rent lowest direct helium observatiof. Fig. 1).

Our forecasts for the uncertainty in the helium mass frac- It is a pleasure to thank Ruth Durrer, Lloyd Knox, Samuel
tion from future observations are in excellent agreement with_each, Anthony Lewis, Christophe Ringeval, Dominik
the findings of Ref[71]. There, the standard deviation 3  Schwarz and Gary Steigman for useful comments and dis-
for Planck is estimated to bAY,=0.012. The authors of cussions. This work was performed on the SUN Enterprise
Ref.[71] also consider an experime(@MBPol) with char- 10000 Supercomputer owned and operated by the University
acteristics similar to our CVL, for which they forecasl,,  of Geneva. R.T. is partially supported by the Swiss National
=0.0039, again in close agreement with our result. An earScience Foundation, the Schmidheiny Foundation and the
lier work [72] found for Planck(temperature and polariza- European Network CMBNET. S.H. thanks the Tomalla foun-
tion) AY,=0.013, in satisfactory concordance with our dation for support.
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