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Constraining the helium abundance with CMB data
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We consider for the first time the ability of present-day cosmic microwave background~CMB! anisotropies
data to determine the primordial helium mass fractionYp . We find that CMB data alone give the confidence
interval 0.160,Yp,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 measureYp with 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.
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I. INTRODUCTION

Our understanding of the baryon abundance has incre
dramatically over the past few years. This improvem
comes from two independent paths: namely, big bang
cleosynthesis~BBN! and cosmic microwave backgroun
~CMB! radiation. Absorption features from high-redsh
quasars allow us to measure precisely the deuterium a
dance, D/H. Combined with BBN calculations, this provid
a reliable estimate of the baryon to photon ratio,h. An in-
dependent determination of the baryon content of the U
verse from CMB anisotropies comes from the increasin
precise measurements of the acoustic peaks, which be
characteristic signature of the photon-baryon fluid osci
tions. The agreement between these two completely diffe
approaches is both remarkable and impressive~see details
below!. The time is therefore ripe to proceed and test
agreement between other light elements which are
probed both with BBN and CMB.

The helium abundance has been measured for many y
from astrophysical systems. However, the error bars
seemingly dominated by systematic errors which are har
assess. Fortunately, the dependence of the helium mass
tion on the CMB anisotropies provides an independent w
to measureYp . The aim of this work is to present the firs
determination of the helium abundance from CMB alon
and to clarify the future potential of this method. The late
CMB data are precise enough to allow taking this furth
step, and in view of the emerging ‘‘baryon tension’’ betwe
BBN predictions from observations of different light el
ments@1# possibly requires taking such a step. The advant
of using CMB anisotropies rather than the traditional ast
physical measurements, is that CMB provide a clear m
surement of the primordial helium fraction before it could
changed by any astrophysical process. On the other han
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dependence of the CMB power spectrum onYp is rather
mild, a fact which makes it presently safe to fix the value
the helium mass fraction with zero uncertainty for the p
pose of CMB data analysis of other cosmological para
eters.

The paper is organized as follows. In Sec. II we revie
the standard big bang nucleosynthesis scenario. Sec. III
cusses the role of the helium mass fraction for cosmic
crowave background anisotropies, the methods used an
sults. We discuss our forecast for future CMB observatio
in Sec. III D, and offer our conclusions in Sec. IV.

II. BIG BANG NUCLEOSYNTHESIS

A. The standard scenario

The standard model of big bang nucleosynthesis~SBBN!
has only one free parameter, namely the baryon to pho
ratio h105nb /ng1010, which for long has been known to b
in the range 1–10@2#. Thus by observing just one primordia
light element one can predict the abundances of all the o
light elements.

The deuterium to hydrogen abundance, D/H, is obser
by Ly-a features in several quasar absorption systems at
redshift, D/H52.7820.38

10.4431025 @3#, which in SBBN trans-
lates into the baryon abundance,h1055.960.5. Using
SBBN one thus predicts the helium mass fraction to be in
range 0.2470,Yp,0.2487. The dispersion in various deut
rium observations is, however, still rather large, ranging fro
D/H51.6560.3531025 @4# to D/H53.9820.67

10.5931025 @3#,
which most probably indicates underestimated systematic
rors.

The observed helium mass fraction comes from the st
of extragalactic HII regions in blue compact galaxies. On
careful study@5# gives the valueYP50.24460.002; how-
ever, also here there is a large scatter in the various obse
values, ranging from Yp50.23060.003 @6# over Yp
50.238460.0025 @7# and Yp50.239160.0020 @8# to Yp
50.245260.0015@9#. Besides the large scatter there is al
©2004 The American Physical Society09-1
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R. TROTTA AND S. H. HANSEN PHYSICAL REVIEW D69, 023509 ~2004!
the problem that the helium mass fraction predicted fr
observation of deuterium combined with SBBN, 0.24
,Yp,0.2487, is larger than~and seems almost in disagre
ment with! most of the observed helium abundances, wh
probably points towards underestimated systematic err
rather than the need for new physics@1,10#. Figure 1 is a
compilation of the above measurements, and offers a di
comparison with the current~large! errors from CMB obser-
vations~presented in Sec. III below! and with the potential of
future CMB measurements~discussed in Sec. III D!.

The observed abundance of primordial7Li using the Spite
plateau is possibly spoiled by various systematic effe
@11,12#. Therefore it is more appropriate to use the SBB
predictions together with observations to estimate the de
tion factor f 75 7Li obs/

7Li prim instead of using7Liobs to infer
the value ofh @14–17#.

The numerical predictions of standard BBN~as well as
various nonstandard scenarios! have reached a high level o
accuracy@13,14,18–21#, and the precision of these codes
well beyond the systematic errors discussed above.

B. The role of neutrinos

If the CMB-determined helium mass fraction turns out
be as high as suggested by SBBN calculations comb
with the observed deuterium abundance~as discussed
above!, this could indicate a systematic error in the pres
direct astrophysical helium observations. Alternatively, if t
CMB could independently determine the helium value w
sufficient precision to confirm the present low helium val
coming from direct observations, then this would be a sm
ing gun for new physics. In fact, one could easily imagi
nonstandard BBN scenarios which would agree with pres
observations ofh10, while having a low helium mass frac

FIG. 1. On the left~blue! we plot a few current direct astro
physical measurements of the helium mass fractionYp with their
12s statistical errors, and the value inferred from deuterium m
surements combined with SBBN~red! ~see text for references!. On
the right~green!, a direct comparison with CMB present-day acc
racy ~actual data, this work; the error bar extends in the ran
0.16,Yp,0.50) and with its future potential~Fisher matrix fore-
cast for Planck and a cosmic variance limited experiment!.
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tion. All that is needed is additional nonequilibrium electro
neutrinos produced at the time of neutrino decoupling wh
would alter then2p reaction. This could alter the resultin
helium mass fraction while leaving the deuterium abunda
unchanged. One such possibility would be a heavy ste
neutrino whose decay products includene . A sterile neutrino
with lifetime of 1–5 sec and with decay channelns→ne

1f with f a light scalar~like a majoron!, would leave the
deuterium abundance roughly untouched, but can change
helium mass fraction betweenDYp520.025 and DYp

50.015 if the sterile neutrino mass is in the range 1–20 M
@22#. A simpler model would be standard neutrino oscillati
between a sterile neutrino and the electron neutrino. The
time is about 1 sec when the sterile state has mass abou

MeV, and the decay channel isns→ne1 l 1 l̄ ~with l any
light lepton!, and such masses and lifetimes are still unco
strained for large mixing angle@23# ~related BBN issues are
discussed in Refs.@24–27#!. Such possibilities are hard t
constrain without an independent measurement of the he
mass fraction.

Another much studied effect of neutrinos is the increas
expansion rate of the universe if additional degrees of fr
dom are present~for BBN!, and the degeneracy between t
total density in matter and relativistic particles~for CMB!.
This issue has recently been studied in detail in Refs.@10,28#
in view of the new WMAP results, and we need not discu
this further here. We thus fixNn53.04@29#. Also an electron
neutrino chemical potential could potentially alter the BB
predictions@30#, however, with the observed neutrino osc
lation parameters the different neutrino chemical potent
would equilibrate before the onset of BBN@31#, hence vir-
tually excluding this possibility~see however@32#!.

III. COSMIC MICROWAVE BACKGROUND

A. Photon recombination and reionization

The recent WMAP data allow one to determine with ve
high precision the epoch of photon decoupling,zdec, i.e., the
epoch at which the ionized electron fraction,xe(z)
5ne /nH , has dropped from 1 to its residual value of ord
1024. Herene denotes the number density of free electro
while nH is the total number density of H atoms~both ion-
ized and recombined!. After this moment, photons are n
longer coupled to electrons~last scattering!, and they free
stream. The redshift of decoupling has been determined t
zdec5108822

11 @33#, which corresponds to a temperature
about 0.25 eV. Helium recombines earlier than hydrog
roughly in two steps: around redshiftz56000 HeIII recom-
bines to HeII, while HeII to HeI recombination begins
aroundz,2500 and finishes just after the start of H reco
bination ~see e.g.@34–37#!.

Denoting bynHe and nb the number densities per m3 of
He atoms and baryons, respectively, the helium mass frac
is defined asYp54nHe /nb . The baryon number density i
related to the baryon energy density today,vb , by nb
511.3(11z)3vb and we havenH5nb(12Yp). Usually, the
ionization history is described in terms ofxe(z)5ne /„nb(1
2Yp)…. However, for the purpose of discussing the role
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CONSTRAINING THE HELIUM ABUNDANCE WITH CMB DATA PHYSICAL REVIEW D 69, 023509 ~2004!
Yp , it is more convenient to consider the quantityf e(z)
5ne /nb instead, the ratio of free electrons to the total nu
ber of baryons. For brevity, we will callf e the free electron
fraction. Once the baryon number density has been se
fixing vb , one can think ofYp as an additional paramete
which controls the number of free electrons available in
tight coupling regime. The CMB power spectrum depends
the full detailed evolution of the free electron fraction, b
we can qualitatively describe the role of helium in four d
ferent phases of the ionization-recombination history~see
Fig. 2!.

~a! Before HeIII recombination all electrons are fre
thereforef e(z.6000)512Yp/2.

~b! He II progressively recombines and just before
recombination begins,f e has dropped to the valuef e(z
'1100)512Yp .

~c! After decoupling, a residual fraction of free ele
trons freezes out, giving f e(30&z&800)5 f e

res'2.7
31025Avm/vb .

~d! Reionization of all the H atoms givesf e(z&20)51
2Yp .

During phase~a!, the photon-baryons fluid is in the tigh
coupling regime. However the presence of ionized He
creases diffusion damping, therefore having an impact on
damping scale in the acoustic peaks region. When the
tailed energy levels structure of HeII is taken into accoun
@37#, the transition to phase~b! is smoother than in the Sah
equation approximation. Therefore the plateau withf e51
2Yp is not visible in Fig. 2. Before H recombination, H
atoms remain tightly coupled to H atoms through collisio
with the same dynamical behavior. In particular, it is the to
vb which determines the amount of gravitational pressure
the photon-baryons fluid, and which sets the acoustic p
enhancement or suppression. Hence we do not expec
value ofYp to have any influence on the boosting~suppres-
sion! of odd ~even! peaks. The redshift of decoupling@tran-
sition between~b! and~c!# depends mildly onYp in a corre-

FIG. 2. Evolution of the number density of electrons normaliz
to the number density of baryons,f e5ne /nb , as a function of red-
shift for different values of the helium fractionYp . The black-solid
curve corresponds to the standard valueYp50.24, and the red-
dashed~blue-dot-dashed! curve toYp50.36 (Yp50.12). The labels
~a! to ~d! indicate the four different phases discussed in the tex
02350
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lated way with vb , since the number density of fre
electrons in the tight coupling regime~just before H recom-
bination! scales asne5 f enb5nb(12Yp). Hence an increase
in vb can be compensated by allowing for a larger heliu
fraction. An analytical estimate along the same lines as
e.g. @2# indicates that a 10% change inYp affects zdec by
roughly 0.1%, which corresponds toDzdec'1. This is of the
same order as the current 1s errors onzdec, obtained by
fixing Yp50.24.

After H recombination, the residual ionized electron fra
tion f e

resdoes not depend onYp , but is inversely proportiona
to the total baryon density@phase~c!#. As the CMB photons
propagate, they are occasionally rescattered by the resi
free electrons. The corresponding optical depth,t res is given
by

t res5E
t0

tdec
ne

rescsTdt

'1.8631026E
0

zdec ~11z!2

„~11z!31VL /Vm…
1/2

dz. ~1!

Performing the integral we can safely neglect the contri
tion of the cosmological constant at small redshift, sin
zdec@VL /Vm . Retaining only the leading term, the approx
mated optical depth from the residual ionization fraction
estimated to be

t res'1.2431026~11zdec!
3/2'0.045, ~2!

independentof the cosmological parameters and of the h
lium fraction. Therefore after last scattering we do not exp
any significant effect on CMB anisotropies coming from t
primordial helium fraction, until the reionization epoch.

Fairly little is known about the exact reionization mech
nism and its redshift dependence~for a review see e.g.@38#!.
Observation of Gunn-Peterson troughs indicate that the
verse was completely ionized after redshiftz'6, when the
universe seemingly completed the reionization@39#, possibly
for the second time@40#. If temperature information only is
available, CMB anisotropies are sensitive only to the in
grated reionized fraction, represented by the optical de
independent of the specific reionization history. Howev
specific signatures are imprinted on the E-polarization a
ET-cross correlation power spectra by the detailed shap
the reionization history~for a detailed discussion, see@41–
44#!. There are several physically motivated reionization s
narios, which however cannot be clearly distinguished
present@45,46#. In this work we use the most simple mode
the sudden reionization scenario: we assume that at
reionization redshiftzr all the hydrogen was quickly reion
ized, thus producing a sharp rise ofne from its residual value
to nH . More precisely,zr is the redshift at whichxe(zr)
50.5. In our treatment we neglect HeII reionization, for
which there is evidence at a redshiftz'3 ~see@47# and ref-
erences therein!. This effect is small, since the extra electro
released atz'3 would change the reionization optical dep
by about only 1%. We also neglect the increase of the hel
fraction due to nonprimordial helium production, which h
9-3
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a negligible effect on CMB anisotropies. Those approxim
tions do not affect the results at today’s level of sensitivity
CMB data: for WMAP noise levels, even inclusion of th
polarization spectra is not enough to distinguish betwee
sudden reionization scenario and a more complex reion
tion history. At the level of Planck a more refined modeli
of the reionization mechanism will be necessary@44,48#.

In the sudden reionization scenario adopted here, the
lation between reionization redshift and reionization opti
depth,t r , is given by

t r5E
t0

treion
necsTdt

'11.3csTvb~12Yp!E
0

zr dh

da
dz, ~3!

wheret is physical time,h is conformal time anda the scale
factor. Here again, since the number density of reioni
electrons scales asvb(12Yp), the redshift of reionization is
positively correlated withYp ~for fixed optical depth and
baryon density!.

As a result of the physical mechanism described abov
10% change inYp has a net impact on the CMB powe
spectrum at the percent level. The impact on the CMB te
perature and polarization power spectra is highlighted in F
3. In the temperature panel, we notice that a larger hel
fraction slightly suppresses the peaks because of diffu
damping, while it has no impact on large scales. Polariza
is induced by the temperature quadrupole component. W
reionization occurs, there is a generation of polarized po
on the scale corresponding to the acoustic horizon size a
reionization redshift. This particular signature is called t
‘‘reionization bump,’’ and is clearly visible in the bottom
panel of Fig. 3 in the,'10 region. The position of the bum
in multipole space scales as,bump}Azr @49#. As discussed
above, a change in the helium fraction implies a shift of
redshift of reionization for a given~fixed! optical depth,
therefore the value ofYp has an effect on the position of th
reionization bump in the polarization power spectrum, b
not on its height, which is controlled by the optical depth a
is proportional tot2. This effect is highlighted in the bottom
panel: a 10% change inYp induces roughly a 10% change
the position of the bump. The subsequent two oscillat
features for,&50 reflect the displacement of further secon
ary, reionization induced polarization oscillations. Howev
since the value of polarized power is very low in that regio
such secondary oscillations are very hard to detect preci
In principle, given an accurate knowledge of the reionizat
history, the effect ofYp on the polarization bump would
assist into determining the helium abundance. However,
ignorance of the reionization history prevents us from rec
ering useful information out of the measured reionizat
bump. The displacement induced byYp is in fact degenerate
with a partial reionization, or with a more complex reioniz
tion history ~see@44#!. Hence constraints onYp come effec-
tively from the damping tail in the,*400 region of the
temperature spectrum, which needs to be measured with
high accuracy.
02350
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Other light elements like deuterium and helium-3 a
much less abundant, and will therefore have even sma
effect on the CMB power spectrum, at the order of 1025.

B. Monte Carlo analysis

We use a modified version of the publicly available Ma
kov Chain Monte Carlo packageCOSMOMC@50# as described
in @51# in order to construct Markov Chains in our 7 dime
sional parameter space. We sample over the following se
cosmological parameters: the physical baryon and CDM d

FIG. 3. CMB temperature~top panel! and polarization~bottom
panel! power spectra and percentage difference with two differ
values of the helium fraction for a standardLCDM model. The
solid-black~dashed-blue! line corresponds to a 10% larger~smaller!
value ofYp with respect to the standard value,Yp50.24. All other
parameters are fixed to the value of our fiducial model~Table I!; in
particular, we havet r50.166.
9-4
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sities,vb[Vbh2 andvc[Vch
2, the cosmological constan

in units of the critical density,VL , the scalar spectral inde
and the overall normalization of the power spectrum,ns and
As ~see Sec. III D below for a more precise definition!, the
redshift at which the reionization fraction is a half,zr , and
the primordial helium mass fraction,Yp . We restrict our
analysis to flat models, therefore the Hubble parameteh
5H0/100 km s21Mpc21, is a derived parameter,h5@(vc
1vb)/(12VL)#1/2. We consider purely adiabatic initia
conditions, and we do not include gravitational waves. In
CMB analysis, we assume 3 massless neutrino families
no massive neutrinos. We include the WMAP data@52,53#
~temperature and polarization! with the routine for comput-
ing the likelihood supplied by the WMAP team@54#. We
make use of the CBI@55# and of the decorrelated ACBAR
@56,57# band powers above,5800 to cover the small angu
lar scale region of the power spectrum.

SinceYp is a rather flat direction in parameter space w
present-day data, we find that a large number of sample
needed in order to achieve good mixing and convergenc
the chains in the full 7D space. We useM54 chains, each
containing approximatelyN533105 samples. The mixing
diagnostic is done on the same lines as in@54#, by means of
the Gelman and Rubin criterion@58#. The burn-in of the
chains also takes longer than in the case whereYp is held
fixed, and we discard 6000 samples per chain.

C. CMB analysis results

Marginalizing over all other parameters, we find that t
helium mass fraction from CMB alone is constrained to
Yp,0.647 at 99% C.L.~1 tail limit!, and

0.160,Yp,0.501 ~4!

at 68% C.L.~2 tails!. Thus, for the first time the primordia
helium mass fraction has been observed using the cos
microwave background. However, present-day CMB data
not have sufficient resolution to discriminate between
astrophysical helium measurements,Yp;0.244, and the deu
terium guided BBN predictions,Yp;0.248, which would
require percent precision.

In Fig. 4 we plot the marginalized and the mean like
hood of the Monte Carlo samples as a function ofYp . If the
likelihood distribution is Gaussian, then the 2 curves sho
be indistinguishable. The difference between marginali
and mean likelihood forYp indicates that the marginalize
parameters are skewing the distribution, and therefore
correlations play an important role. Although the mean of
1D marginalized likelihood is rather high,^L(Yp)&50.33,
the mean likelihood peaks in the region indicated by as
physical measurements,Yp;0.25. In view of this difference,
it is important to understand the role of correlations w
other parameters, and we will turn to this issue now.

In Fig. 5 we plot joint 68% and 99% confidence contou
in the (vb ,Yp) space. From the Monte Carlo samples w
obtain a small and negative correlation coefficient betw
the two parameters corr(Yp ,vb)520.14. Baryons and he
lium appear to be anticorrelated simply because present
WMAP data do not map the peaks structure to sufficien
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high ,. Precise measurements in the small angular scale
gion should reveal the expected positive correlation betw
the baryon and helium abundances, which is potentially
portant in order to correctly combine BBN predictions a
CMB measurements of the baryon abundance. We turn
this question in more detail in the next section. In SBBN t
baryon fraction and helium fraction are correlated along

FIG. 4. One-dimensional posterior likelihood distribution for th
helium mass fraction,Yp , using CMB data only. The solid-black
line is for all other parameters marginalized; the dashed-red
gives the mean likelihood.

FIG. 5. Joint 68% and 99% confidence contours in the (vb ,Yp)
plane from CMB data alone. The solid-blue line gives the SBB
prediction @14#, which on this figure almost looks like a straigh
line.
9-5
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different direction~cf. Fig. 5!. However, this correlation is
very weak, and the SBBN relation gives practically a fl
line. Since the two parameters are not independent from
CMB point of view, it is in fact not completely accurate to d
the CMB analysis with fixed helium mass fraction ofYp

50.24 to get the error bars on the baryon fraction, and t
reinput this baryon fraction~and error bars! to predict the
helium mass fraction from BBN. The most accurate pro
dure is to analyze the CMB data leavingYp as a free param
eter, thereby obtaining the correct~potentially larger! error
bars onvb upon marginalization overYp .

In view of the emerging baryon tension between CM
and BBN, it is important to check whether allowing heliu
as a free parameter can significantly change the CMB de
mination of the baryon density or its error. In order to eva
ate in detail the impact ofYp on the error bars forvb , we
consider the following 3 cases.

~a! The usual case, when the helium fraction for the CM
analysis is assumed to be knowna priori and is fixed to the
canonical valueYp50.24.

~b! A case with a weak astrophysical Gaussian prior
the helium fraction, which we take to beYp50.2460.01. As
discussed above, the error bars of the astrophysical mea
ments are typically a factor 5 tighter than this, but our pr
is chosen to encompass the systematic spread betwee
different observations.

~c! The case in which we assume a uniform prior forYp in
the range 0<Yp<1, i.e. Yp is considered as a totally fre
parameter.

We do not find any significant change in the error bars
vb in the 3 different cases. The confidence intervals onvb
alone are determined to be@case~c!# 0.0221,vb,0.0245 at
68% C.L. (0.0204,vb,0.0276 at 99% C.L.!. The standard
deviation ofvb as estimated from the Monte Carlo samp
is found to beŝb51.331023. This is in complete agreemen
with the error bars onvb obtained by the WMAP team fo
the standardLCDM case@33#. We conclude that at the leve
of precision of present-day CMB data, it is still safe to tre
the baryon abundance and the helium mass fraction as i
pendent parameters. This result is nontrivial, since the
that the damping tail is not yet precisely measured above
second peak woulda priori suggest that degeneracies b
tweenYp , vb, andns could potentially play a role once th
assumption of zero uncertainty onYp is relaxed. The impac
of Yp is small enough, and the error bars onvb large enough
that a uniform prior onYp can still be accommodated withi
the uncertainty in the baryon abundance obtained for c
~a!. However, theYp2vb correlation will have to be taken
into account to correctly analyze future CMB data, with
quality such as Planck. We discuss this potential in the n
section.

We observe the expected correlation between the red
of reionization and the helium fraction~Fig. 6!, which is
discussed above. The correlation coefficient between the
parameters is found to be rather large and posit
corr(Yp ,zr)50.40. This correlation produces a noticeab
change in the marginalized 1D-likelihood distribution forzr
as we go from case~a! to case~c!. Marginalization over the
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additional degree of freedom given byYp broadens consid-
erably the error bars onzr . In fact, the 68% confidence in
terval for zr increases by roughly 20%~and shifts to some-
what higher values!, from 10.2–20.9@case~a!# to 10.6–23.3
@case~c!#. Case~b! exhibits similar error-bars as case~a!. On
the other hand, the determination of the reionization opti
depth is not affected by the inclusion of helium as a fr
parameter, giving in all cases 0.08,t r,0.23. Correspond-
ingly, the correlation is less significant, corr(Yp ,t r)
520.11. We therefore conclude that the differences in
determination ofzr are due only to the variation of th
amount of electrons available for reionization asYp is
changed.

LeavingYp as a free parameter also has an impact on
relation betweenvb and the scalar spectral index,ns . The
extra power suppression on small scales which is produ
by a largerYp can be compensated by a blue spectral ind
~see Fig. 7!.

D. Potential of future CMB observations

In order to estimate the precision with which future sat
lite CMB measurements will be able to constrain the heliu
mass fraction we perform a Fisher matrix analysis~FMA!.
This technique approximates the likelihood function with
Gaussian distribution around a fiducial model, which is

FIG. 6. Joint 68% and 99% confidence contours in the (Yp ,zr)
plane~upper panel! and in the corresponding (Yp ,t r) plane~bottom
panel! from CMB data alone. In the upper panel, the solid-red li
is the relationzr(Yp) from Eq. ~3!, obtained by fixing the reioniza-
tion optical depth to the valuet r50.166, while the other parameter
are the ones of our fiducialLCDM model of Table I. Although
clearly the exact shape ofzr(Yp) depends on the particular choic
of cosmology, it is apparent that theYp2zr degeneracy is along this
direction. The correlation betweenYp2t r is almost negligible with
present-day data~bottom panel!.
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CONSTRAINING THE HELIUM ABUNDANCE WITH CMB DATA PHYSICAL REVIEW D 69, 023509 ~2004!
sumed to be the best fit model. The Fisher information m
trix F gives the second order expansion of the likeliho
around its peak, and it is computed from the derivatives
the power spectrum with respect to the cosmological par
eters. The expected performance of the experiment ca
modelled with a noise contribution to the likelihood functio
which is described in terms of a few experimental para
eters. The covariance matrixC is then given by the inverse o
the Fisher matrix,C5F21. It is then straightforward to
evaluate the expected 1s error on parameteri, which is
given byAcii ~all other marginalized!. The main advantage
of the FMA is that it gives reliable and accurate predictio
~including information on the expected degeneracies! with
minimal computational effort. For further details on th
Fisher matrix formalism, see e.g.@59–66#.

1. Parameters set

In order to obtain a reliable prediction, it is extreme
important to choose a parameter set wrt which the dep
dence of the CMB power spectrum is as linear and unco
lated as possible. This issue has been discussed exhaus
in Ref. @67#, where the authors introduce a set of ‘‘physic
parameters’’ which satisfies the above requirements. In
present work we retain most of the physical parameters
fined in Ref. @67#: the ratio between the sound horizon
decoupling and the angular diameter distanceA, the baryon
density B5Vbh2, the energy density in the cosmologic
constantV5VLh2, the matter-radiation density ratio at d
couplingR andM, which is mainly a function of the matte
and radiation content. We adopt a slightly different choice
the physical parameter describing reionization. For adiab
perturbations, the initial power spectrum of the gauge inv
ant curvature perturbationz is written as

FIG. 7. ~Color! Scatter plot in thevb2ns plane, with the value
of Yp rendered following the color scale. Green correspon
roughly to the SBBN preferred value.
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~and we do not take running into account!. The quantityz
corresponds to the intrinsic curvature perturbation on com
ing hypersurfaces, and at the end of inflation is related to
gravitational potential perturbation,C, by z5 3

2 C ~see e.g.
@68# for more details!. We take the pivot-scalek0 to be k0
50.05 Mpc21. If t r denotes the optical depth to reioniz
tion, then definingT5As exp(22t) is a good way to take
into account the degeneracy between the optical depth
normalization. Our parameter set contains then the six ab
physical parameters (A,B,V,R,M,T ), the power spectrum
normalizationAs , the scalar spectral indexns and the helium
fraction Yp .

The choice of the physical parameter set makes it eas
implement in the FMA interesting theoretical priors. For i
stance, we are interested in imposing flatness in our forec
in order to be able to directly compare present-day accur
on Yp with the potential of Planck and CVL. The prior on th
curvature of the universe is imposed in the FMA by fixin
the value of the parameterA to the one of the fiducial model
In fact, the parameterA is a generalization of the shift pa
rameter, which describes the sideway shift of the acou
peak structure of the CMB power spectrum as a function
the geometry of the universe and its content in matter, ra
tion and cosmological constant. Although imposingA
5const is not the same as having curvature5constant over
the full range of cosmological parameters, for the purpose
evaluating derivatives the two conditions reduce to the sa
The fact that our fiducial model is actually slightly open~see
below!, does not make any substantial difference in the
sults, apart from reducing the numerical inaccuracies wh
would arise had we computed the derivatives around an
actly flat model. We can also easily impose a prior know
edge of the helium fraction, by fixing the value ofYp , as it is
usually done in present CMB analysis, and investigate h
this modifies the expected error on the baryon density.

2. Accuracy issues

We numerically compute double sided derivative of t
power spectrum around the fiducial model with cosmologi
parameters given in Table I. We find it necessary to incre
the accuracy of CAMB by a factor of 3 in each of the ‘‘a
curacy boost’’ values. As a fiducial model, we use the bes
model to the WMAP data for the standardLCDM scenario,
as given in Table 1 of Ref.@33#. However, in order to avoid
numerical inaccuracies which arise when differentiati
around a flat model, we reduce slightly the value ofVL by
imposing an open universe,V tot50.99. We perform the
FMA for the expected capabilities of Planck’s High Fr
quency Instrument~HFI! and for an ideal CMB measuremen
which would be cosmic variance limited~CVL! both in tem-
perature and in E-polarization~and we do not consider th
B-polarization spectrum!, and therefore represents the be
possible parameter measurement from CMB anisotrop
alone. The complicated issues coming from foreground
movals, point source subtractions, etc. are assumed to

s
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R. TROTTA AND S. H. HANSEN PHYSICAL REVIEW D69, 023509 ~2004!
already~roughly! taken into account in the experimental p
rameters for the experiment. Those are the effective per
tual sky coveragef sky, the number of channels, the sensiti
ity of each channel sc

T,E for temperature ~T! and
E-polarization~E! in mK and the angular resolutionuc

T,E ~in
arcmin!. For Planck HFI, we take the 3 channels with fr
quencies 100, 143 and 217 GHz, with respectivelysc51,2,3

T

55.4,6.0,13.1 andsc52,3
E 511.4,26.7 and we havef sky

50.85@69#. Since the CVL is an ideal experiment, we put
noise to zero and assume perfect foregrounds remova
that f sky51. In order to test the accuracy of our predictio
and compare present-day results with the forecasts, we
perform an FMA with WMAP first year parameters, obtai
ing excellent agreement between the FMA results and
error bars from actual data. For the purpose of comparis
we include forecasts for the full WMAP 4 years missio
which will also measure E-polarization and reduce prese
day errors on the temperature spectrum by a factor of 2.
limit the range of multipoles to,,2000, because at smalle

TABLE I. Cosmological parameters for the fiducialLCDM
model around which the FMA is performed. We choose a sligh
open model to avoid numerical inaccuracies in the derivatives.

Baryons Vb 0.046
Matter Vm 0.270
Dark energy VL 0.720
Radiation V rad 7.9531023

Masslessn families Nn 3.04
Total density V tot 0.990
Hubble constant h 0.72
Optical depth t r 0.166
Spectral index ns 0.99
Normalization As 231029
02350
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angular scales nonprimary anisotropies begin to domin
~Sunyaev-Zeldovich effect!. The authors of Ref.@70# discuss
the issue of numerical precision of 3 different CMB cod
and conclude that they are accurate to within 0.1%. Wh
this is encouraging, it is not of direct relevance to this wo
since what matters in the computation of derivatives is
much the absolute precision of the spectra, but rather t
relative accuracy.

3. Forecasts and discussion

Table II summarizes our forecasts for the future measu
ments and compares them with the results obtained f
WMAP actual data.

We notice that when the WMAP full 4 years data will b
available~including E-polarization!, the error on the baryon
density is expected to decrease by a factor of 2 to 2.8
compared to today’s 5.04%~assuming flatness!. Neverthe-
less, inclusion ofYp as a free parameter will still have n
effect on the determination ofvb for WMAP, i.e. Yp will
remain an essentially flat direction when marginalized ov
While the determination of the helium fraction will improve
the FMA cannot reliably assess quantitatively how mu
since for such large errors the likelihood distribution is n
Gaussian and the quadratic approximation breaks down
the table we therefore give the FMA estimation as an in
cation, with the caveat that the Fisher approximation is lik
to be inaccurate for the real errors onYp from WMAP’s 4
years data.

It is interesting that for Planck the effect of the heliu
fraction can no longer be neglected. Inclusion of the heli
fraction increases the error onvb by roughly 80%, from
0.70% to 1.26%. The correlation between the two parame
will have to be taken into account, as is evident from Fig.
The expected correlation coefficient is corr(Yp ,vb)
50.84 (0.91) for Planck~for CVL!. The expected 12s er-

y

using
t to the
TABLE II. Fisher matrix forecasts and comparison with present-day results, for different priors and
different combinations of temperature and polarization CMB spectra. Errors are in percent with respec
values of the fiducial model,Yp50.24 andvb50.0238 (1-s C.L. all others marginalized!.

Temperature, TE-cross, E-polarization

No priors Flatness Flatness and
Yp50.24

DYp

Yp

Dvb

vb

DYp

Yp

Dvb

vb

Dvb

vb

WMAP 4 yrs a ;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

Temperature1TE-cross

WMAP 1st yr b N/A N/A 71.25 5.04 5.04
WMAP 4 yrs a ;75 4.10 ;60 3.94 3.94
Planck 8.91 1.74 6.60 1.63 0.74
CVL 5.18 0.55 2.84 0.55 0.19

aFMA forecast, 4 years mission including E-polarization.
bActual WMAP data and other CMB experiments, this work.
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CONSTRAINING THE HELIUM ABUNDANCE WITH CMB DATA PHYSICAL REVIEW D 69, 023509 ~2004!
ror on Yp is about 5% for Planck, orDYp;0.01. This is of
the same order as the spread in current astrophysical m
surements. We conclude that in Planck-accuracy data an
sis it will be necessary to include the uncertainty in the
termination of the helium mass fraction, at least in the fo
of a Gaussian prior overYp of the type we used in the CMB
data analysis presented above.

Finally, measuring CMB temperature and polarizati
with cosmic variance accuracy would allow to constrainYp
to within 1.5%, orDYp;0.0036 ~assuming flatness!. Such
an ideal measurement would be able to discriminate betw
the BBN-guided, deuterium based helium value and the
rent lowest direct helium observations~cf. Fig. 1!.

Our forecasts for the uncertainty in the helium mass fr
tion from future observations are in excellent agreement w
the findings of Ref.@71#. There, the standard deviation onYp
for Planck is estimated to beDYp50.012. The authors o
Ref. @71# also consider an experiment~CMBPol! with char-
acteristics similar to our CVL, for which they forecastDYp
50.0039, again in close agreement with our result. An e
lier work @72# found for Planck~temperature and polariza
tion! DYp50.013, in satisfactory concordance with o

FIG. 8. FMA forecast for the expected errors from WMAP
years mission~dotted-black!, Planck ~dashed-red! and a CVL ex-
periment~solid-green!. The ellipses encompass 1-s and 3-s joint
confidence regions forvb2Yp ~all other parameters marginalized!.
The axis values give the error with respect to the fiducial mo
values. This forecast is for the full CMB information~temperature,
TE-cross, E-polarization! and assumes flatness.
02350
a-
ly-
-

en
r-

-
h

r-

result. It should be noticed that the forecast reported
MAP in Table 2 of Ref.@72#, namelyDYp50.02, is nothing
but the Gaussian priorYp50.2460.02 which was assume
in their analysis.

The main source of improvement for the determination
Yp will be the better sampling of the temperature damp
tail provided by Planck and the CVL. Polarization measu
ments have mainly the effect of reducing the errors on ot
parameters. In fact, we have checked that excluding from
FMA the 2<,<50 region of the E-polarization and ET
correlation spectra changes the forecast precision onYp less
than about 10–15 % for Planck and less than a few perc
for CVL. This supports the conclusion that the low-, reion-
ization bump is not very useful in measuring the heliu
abundance, because of the degeneracy withzr .

IV. CONCLUSIONS

We have analyzed the ability of CMB observations
determine the helium mass fraction,Yp . We find that present
data only allow a marginal detection, 0.160,Yp,0.501 at
68% C.L. This determination is completely independe
from the usual astrophysical observations and uses C
data only. We discuss degeneracies betweenYp and other
cosmological parameters, most notably the baryon ab
dance, the redshift and optical depth of reionization and
spectral index. We conclude that present-day CMB data
curacy does not require the inclusion ofYp as a free param-
eter. We find that Planck will determine the helium ma
fraction within 5% ~or DYp;0.01), which however will
only allow a marginal discrimination between different astr
physical measurements. Nevertheless, we point out that
uncertainty of the helium fraction will have to be taken in
account in order to correctly estimate the errors on
baryon density from Planck. To determine if the emergi
baryon tension~from BBN! is related to underestimate
systematic error-bars or whether it is an indication of n
physics, CMB observation will have to be pushed ve
close to the cosmic variance limit in both temperature a
polarization.
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