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We show that by combining measurements of the temperature and polarization anisotropies of the cosmic
microwave backgroundCMB), future experiments will tightly constrain the expansion rate of the universe
during recombination. A change in the expansion rate modifies the way in which the recombination of hydro-
gen proceeds, altering the shape of the acoustic peaks and the level of CMB polarization. The proposed test is
similar in spirit to the examination of abundances of light elements produced during big bang nucleosynthesis
and it constitutes a way to study possible departures from standard recombination. For simplicity we param-
etrize the change in the Friedmann equation by changing the gravitational co@s@m main effect on the
temperature power spectrum is a change in the degree of damping of the acoustic peaks on small angular
scales. The effect can be compensated by a change in the shape of the primordial power spectrum. We show
that this degeneracy between the expansion rate and the primordial spectrum can be broken by measuring CMB
polarization. In particular we show that the MAP satellite could obtain a constraint for the expansidh rate
during recombination obH/H=0.09 or §G/G=0.18 after observing for four years, whereas Planck could
obtain sH/H=<0.014 or6G/G=0.028 within two years, even after allowing for further freedom in the shape
of the power spectrum of primordial fluctuations.
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I. INTRODUCTION verse and its matter content. The difficulty lies in finding an
epoch in the evolution of the universe during which both the
The parameters of our cosmological model will be deter-energy density and the expansion rate can be determined
mined with great accuracy by upcoming data from cosmidndependently. The two obvious candidates are the present
microwave backgrounCMB) experiments, galaxy surveys, time and big bang nucleosynthe$BBN).
weak lensing surveys, Lyman alpha forest studies, and other Precise measures of both the expansion rate and the mat-
observations. With the new data it will be possible to per-ter density in the local universe are difficult to accomplish

form a number of consistency checks that will strengthen ouf"d Suffer from various systematic problems. At present the

confidence in the underlying model. Some of these consis€xpansion rate has been measured with errors on the order of

tency checks have already been performed with existin%oo/0 [3]. Direct determi_nations of_the matter density how-
data. Recent analyses of the CMB data have resulted in co Ver are more uncertain. It is fair to say that the general
straints on the baryon densi h? that are in excellent
agreement with its determination based on the study of th
pr|mo_rd|a_l abundances of _I'ght elements.g. [1,2). The the present matter density almost always point(g<1
combination of CMB data with local measures of the Hubble(e.g. sed5)). Neither the cosmological constant nor the cur-
constant[3] and measures of the local strength of galaxy, 5y re scale can be constrained independently, that is without
clustering result in a determination of the cosmological con- oing through the Friedmann equation, so at best we can say
stant that is in good agreement with results from the study ofhat the Friedmann equation has not been tested accurately at
the luminosity of distant supernovde.g. [4,5]). Recently  the present epoch. A more radical interpretation would be
also joint big bang nucleosynthesis and CMB constraints ofthat the Friedmann equation has been tested but that the test
different dark energy models have been discussdélin has failed. Although we do not support this interpretation, at
One of the assumptions of the cosmological model thapresent some infrared modification of gravity cannot be ruled
has been hard to test is the explicit validity of the Friedmanrout observationally. Such modifications are being explored
equation—the relation between the expansion rate of the unfor example as ways to solve the cosmological constant
problem(see for exampl¢7]) or to explain the accelerated
expansion inferred from the luminosity distance to high red-
*Email address: zahn@mpa-garching.mpg.de shift supernovae without resorting in a cosmological constant
"Email address: mz31@nyu.edu or a quintessence fiel@.g. sed8,9)).

conclusion from these studies is that the Friedmann equation
only holds true if either a cosmological constant or a curva-
re term is added. This is because direct determinations of
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During the epoch of big bang nucleosynthe®88N) the  should very accurately determine the ratio of dark matter to
situation is more fortunate. The energy density is dominatedadiation energy density, i.e. the paramefggh?.
by radiation which we think we can estimate accurately. On The dark matter density dominates over other energy
the other hand the expansion rate affects the freeze-out abugemponents in the Friedmann equation during recombina-
dances of light elements, so that a precision test of the Friedion. In the standard scenario, it sets both the redshift at
mann equation can be performed. The standard procedure {§lich matter and radiation become equal and the rate of
to constrain the number of relativistic degrees of freedom®&*pansion during recombination through the Friedmann
g, . which can be translated into a limit on the number of€quation. In this paper we break the link between energy
neutrino species. A lot of progress has been made in deteflensity and expansion rate by introducing a free parameter to
mining the primordial abundances. Recently the deuteriunfnodify the Friedmann equation. We investigate how well
abundance in hydrogen clouds at high redshift was accu8Uch a parameter can be constrained.
rately determined10-12. Building on a prior ofN,=>3 From a pragmatic perspective our study can be regarded
these data have been exploited to enforce an upper limit &S the investigation of a pqrtlpular departure from_ sta_ndard
3.2 at 2o for the number of neutrino species, based purely O,{ecomblnatlon._ Different variations _have been stud_led in the
BBN consideration$13]. literature. For instance the possibility that energetic sources

Progress has also been made in appreciating the syste@f Ly-a- photons could be present during recombination to
atical uncertainties that impair the determination of primor-delay it was considered ifi9]. Also, the possiblility of a
dial “He (see e.g[14,15)). Built on the safely established time variation of the fine structure constant was investigated

abundance ranges for deuterium, helium and lithium, it ca20—22. In [23] the effects of a time dependence of the
be shown that the uncertainty in the number of relativisticdravitational constant have been outlined. The conclusion of

degrees of freedom during BBN is around 988% C.L) these investigations and ours is thgt V\_/ith fut'ure CMB data
[16]. This constraint can equally well be phrased as a condepartures from standard recombination will be severely
straint on the validity of the Friedmann equation: during nu__Constralned a_nd perhaps m_odlflcanons that point to interest-
cleosynthesis the ratio of the squared expansion rate to tHB9 Néw physics could be discovered. _
energy density can depart by only 9% from what is predicted Ir_1 Sec.lll, we will mtrodu_ce our model and in _Sec. I we
by the Friedmann equation. Constraints on the expansion hiill investigate the constraints that can be set with cu_rrently
tory during BBN have also been established 1. a\{allable data and f_orecast wh_at future CMB expenmgnts
In this paper we propose using the anisotropies in thémght b_e able to achieve. We will conclude in Sec. IV with
CMB to perform a test similar to the one that has been dondiscussion.
using BBN. We will show that such a test can ultimately
constrain the validity of the Friedmann equation during re-
combination more accurately than what has so far been
reached within nucleosynthesis, albeit in a more model de-
pendent way. In this section we introduce the model we will use to
During recombination, the energy density is dominated byinvestigate how well one can test the Friedmann equation
the density of non-relativistic matter which we cannot esti-using the CMB. The problem is somewhat more subtle than
mate directly. However the dark matter energy density enters the case of BBN because we are dealing with the dynam-
in two different ways and one can exploit this to simulta-ics of perturbations that could be affected by the “new phys-
neously determine the dark matter density and the expansidos” in ways other than through a change in the expansion
rate during recombination. rate. Thus we need to find a self-consistent way of modifying
The ratio of matter to radiation energy density sets theboth the dynamics of the universe and that of the perturba-
redshift of matter radiation equality. At that time the expan-tions.
sion rate changes from a scaling &€ to t?°. Perturbation One possibility is to add another component that contrib-
modes of the photon-baryon fluid that entered the horizomutes to the energy density during recombination, increasing
during the radiation dominated era behave differently tharthe rate of expansion at that time. The additional component
those that entered during the matter dominated era. Modesould be a quintessence field with a potential and initial con-
that entered during radiation domination provided the domi-ditions tuned so that it has some effect during recombination
nant contribution to the total density perturbation that generand is unimportant or only marginally important at other
ated the gravitational potential. On the contrary modes thatimes(except perhaps today when it could start to dominate
entered the horizon during matter domination, were subThis approach has the virtue of only modifying the expan-
dominant in their contribution to the total density perturba-sion rate but it introduces too much freedom because results
tion which was dominated by the dark matter fluctuationsdepend on when exactly this extra component is important.
The gravitational potential acts as a source for perturbations such a model we also expect the ratio of the sound horizon
in the photon baryon fluid. As a result, small scale modesat recombination to the angular diameter distance to the last
that entered the horizon in the radiation era go through a sodcattering surface to change and thus that the acoustic peaks
of feedback loop that increases their amplitude as they crodse slightly shifted. At late times the evolution of the gravi-
the horizon(for a review of CMB physics see for example tational potentials will also induce an integrated Sachs-Wolfe
[18]). The anisotropy power spectrum is very sensitive to thgISW) effect. As a result, constraints on any specific model
redshift of matter radiation equality and thus the CMB of this kind will come from these three effedia4].

Il. THE MODEL: VARIATION OF THE
GRAVITATIONAL CONSTANT
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In our study we want to isolate the information encoded inin this equationS(k, 7) is the source termg(r) is the vis-
the change of the expansion rate at recombination so we wilbility function, andD(7) is the distance from the observer
use a simpler prescription and assume that the gravitationab a point along the line of sight corresponding to the con-
constantG is somewhat different from its locally measured formal time r (adr=dt). Dots indicate differentiation with

value. We introduce a single paramekesuch that respect tor.
) The visibility functiong(7) can be written in terms of the
G—\°G. (1) opacity for Thomson scattering as
The expansion rate is proportional Xo With this prescrip- g(r)= K exp(— k)= —d/drexp — k) (5)

tion not only the Friedmann equation gets modified but also

the dynamics of the perturbations changes because it devith

pends on the strength of gravity. We will show in the follow-

ing that our prescription has the nice feature that it only _ o

changes the CMB power spectrum through the change in K_UTJ ane()dr, ®)

recombination, allowing us to isolate the observable effects

of this change. The basic reason is that gravity does not hawghere o is the Thomson scattering cross section apr)

a preferred scale and that we only measure angles whea the number density of free electrons. We have also defined

studying the CMB. IfG were slightly different all that would = gran,. Finally, the source term in the integral equation

happen is that the universe would be expanding a bit faster g§ given by

slower by a factoih so that the “expansion clock” would be

running at a different rate. Such a change cancels in the o,

ratios of distances that we measure with the CMB. The only S=¢+ 4

way we can find out that such an alteration had occurred is

by having an independent clock that measures the expansiathere ¢ is the gravitational potentialg, is the fractional

rate. In our case this independent clock will be the physics operturbation in the photon energy density awg is the

hydrogen recombination. In this sense our simple test is veriparyon velocity.

similar to what has been done in the context of BBN. The acoustic oscillations in the photon-baryon plasma sat-
isfy (see e.g[26])

T

+N-v, 7

Effect of A on the CMB anisotropies

The dependence of the Hubble parameter and the dynam- 57+
ics of perturbations on the gravitational constant will lead to (1+R)
modifications of the CMB anisotropies as we vary the pa- . _
rameter\. We will discuss the physics in this section. with the sound speecg— 1/3(1+R), and the baryon-photon

We start by considering the modification to the FriedmannToMentum density rati&=(py+ pp)/ (P, + p,) = 3pp/4p, .
he velocity satisfies

: . R .1
8, +kK’cs0,=4| -+ T-md—3K°6| (8

equation,
2= =] =—Gp——=\%Gp () , L . - ,
a 3 3 Finally the gravitational potential satisfies the Poisson equa-

tion

where p is the total energy density. As a function of the

expansion factoa and\, the expansion ratel satisfies —k2p=4m\’Gp st (10)

H(a,\)=\f(a), ©) wherep 8'°®@! gives the combined perturbation due to all the

fluids.

where the functiorf(a) is independent ok. Thus with this We are now ready to study the dependencé @fon A.

simple prescription, the shape of the functidnof a is not ~ For this purpose it is best to consider the expansion factor as
changed by, only the amplitude changes. For example thea time variable rather than We note that
redshift at which matter and radiation contribute equally to
the energy density does not change. The change introduced is i _ d_a i —a2.H. i _ )\f(a)azi (11)
a simple rescaling of the “expansion rate clock.” dr drda da da’
In order to understand how the anisotropies get modified, . ) ]
we start by writing down the integral solution for the tem- AS & result, when we change time variables, every time de-
perature anisotropies produced by a mode of wave véctor ivative introduces a factor of. By inspection of Eqs(8)

observed towards directiom [25]. The temperature can be and(10) it is clear that the dynamics of a mode with wave

; . . . numberk in a universe withx #1 is equivalent to the dy-
written as an integral along the line of sight over sources, namics of a mode with’ = k/\ in & universe withx = 1.

That is,

AT(RK)= fTodTS(k,T)eik'ﬁD(T)g(T). 4)
0 S(k,a,\)=S(k/N,a,A=1). (12
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We have explicitly included th& dependence of the source ' ' ' '
to make our argument clearer.

To obtain the CMB power spectrum, we first need to ex-
pand Eq.4) in Legendre polynomials. The amplitude of the
| expansion coefficient is

1 _ )
AT|(k,)\)=jodaSZk,a,)\)j|(kD(a,)\))g(a,)\). 1w =

We have introduced(a,\)=—d/daexp(—«). The confor-
mal distanceD is given by

1 da - - - - -
D(a,\)= f S=\"!D(ar=1). (14) 1600 1400 1200 1000 800 600
a H(a)a (1+2)
Thus if the visibility function where to be independent)of FIG. 1. lonization fraction as a function of redshift for three
we would have values ofA =0.25,1,4.
AT(k,N)=AT (k/NN=1). (19  is T, and the Peebles correction coefficiéwhich also de-

pends on the expansion raie denotedC, [28]. The trans-
formation from7 to a(r) as a time variable using E¢l1),
dk makes clear, that contrary to what happens to the perturba-
Ci(N)= f ?P(k)|AT,(k,)\)|2 tion equationsxe(a) depends on\. We plottedx, for dif-
ferent values ol in Fig. 1. The behavior is easy to under-

The power spectrum is calculated frakT,(k,\) using

dk’ stand; the faster the universe is expanding at a given redshift
:f —P(k'M)|Ar (k' A=1)|?, (16) (i.e. the larger tha.), the more difficult it is for hydrogen to
k' recombine and hence the largerxis.

i . . . The change irx, leads to a change in the visibility func-
whereP (k) is the power spectrum of primordial fluctuations tjon which we show in Fig. 2. Aa is increased, the visibility
which is usually taken to be a power le(k)<k™ . Thus  fynction becomes broader. This broadening leads to a larger
we see that provided we adjl_Jst the amplitude of the PrimMOryamping of the anisotropies on smatngulaj scales, as
dial power spectrum appropriatey;(\) =C;(A =1). _shown in Fig. 3. We note however that even for a factor of
. Our result is qualitatively very easy to undgrstand: gravitysor change in\ the changes in the visibility function are
mtrpduces no preferred scale, so the dynamics of the Pertufather small. What happens is that if we increasex, at a
bations remains the same when scales are measured in Unffigen redshift after the start of recombination increases.
of the expansion time. As a result, the angular power speggowever, when calculating optical depths this change almost
trum does not (;hange as we change ) _ . exactly cancels with the decrease in the time intervals be-

Of course this conclusion only holds true if the visibility yeen different redshifts due to the increased expansion rate.

function is not affected by. However the physics of recom- ag a result changes in both the location and shape of the
bination does introduce a preferred timescale, so the power

spectra of the anisotropies will actually change. In other g

words, in our simple minded prescription the only source of 2028
change is the difference in the way recombination proceeds 7 [ YIS, J— ]
as we change the expansion rate of the universe at recomb | 72\
nation. This is the sense in which our model resembles the
studies done in the context of big bang nucleosynthesis. & 5|
Let us now turn to study how the visibility function g ol
changes withh. It depends on the ionization fractioxy >
=n./ny, wheren, again is the free electron density ang &3r
is the number density of hydrogen atoms. The evolution of
the ionization fraction is modified whe® is changed. It 2T
evolves according tée.g.[27]) 1L
d—Xe=acr[ﬁ<Tb)<1—xe>—nHa<2><Tb>x§] (17) 06
dr g
wherea(t) is just the scale factoy3(T,) is the collisional FIG. 2. The visibility function as a function of conformal time

ionization rate from the ground state and®)(T,) is the  for A=0.25,1,4. The axes have been rescaled to take out the overall
recombination rate to excited states. The baryon temperatuegaling of 7 with \.
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FIG. 3. Effect ofA on the temperature power spectrum: Higher  FIG. 5. The effect of\ on the cross correlation between tem-
peaks are more severely dampedascreases while the height of perature and-type polarization.
the first peak is almost unchanged.
N , , the polarization is the extrdrp in the amplitude of the po-
visibility function are small even for large changesiin larization. This extra factor comes from the fact that if the
_ Figure 3 shows that the effect afis to change the rela- \igipility function is wider the photons will travel on average
tive amplitudes of the acoustic peaks on different sqales. Thlﬁ)nger between their last two scatterings which will enhance
effect can be compensated by changing the relative ampline quadrupole anisotropy and will thus lead to a higher level
tude of modes of different scales in the primordial powerqt noarization[29]. For that reason, there exists a character-
spectrum. _ istic wavemode valu&*, for scales larger than which the
. We are now going to study what happens to CMB polar-,qarization power spectrum will increase wikh while it
ization and to show that it can lift the degeneracy between . qecrease for scales smaller thkh.
and the shape of the prlmordlal_ power speqtrum. To under- p¢ polarization power spectrum is plotted in Fig. 4. We
stand the effect ok on the polarization we will employ the  geq that forls larger than around 800, the polarization be-
simple analytic expression for the amplitude of DeStokes 155 just as the temperature does, decreasing for increasing

parameter produced by a single Fourier m&de9]:

whererp is the conformal time corresponding to the peak o
the visibility function, é7p is its width andky describes the

damping of the small scale modes. As we discussed abov8!
the damping increases with the width of the visibility func-
tion, so the exponential factor will lead to the same effect w
described for the temperature. The difference in the case

Q x Csk 5TD S|n( kCS’TD) e kz,k%

(18

N\. On larger scales the effect is opposite, the amplitude of

For completeness

polarization relative to temperature roughly increases by
10% when \ increases by 20%. This response of the
fanisotropies or\ is what will help to break the degeneracy

between\ and the primordial power spectrum when infor-

ation from polarization is included.

we show the temperature polarization

cross correlation power spectrum in Fig. 5. The cross corre-
@tion will be easier to detect in experiments such as the
icrowave Anisotropy ProbéMAP) satellite where the ac-

45 : : . .
A=0.25 -- 6000
o , ' Ter'nperature' information to date ~———
fiducial model, A=1.0 ———
ol 5000 {' fiducial model, A=0.5 -------- i
¢ fiducial model, A=2.0 -
N§ 30 +
E ¢ 4000 |
N I X
a 25 X
T B (24
2 & 3000 f _ |
5 15T % 7\
10 5 2000 ¢
°| 1000 |
0 . . . , o o
0 500 1000 1500 2000 2500 N ‘ SaSeet
: 2 10 50200 500 1000 2000

FIG. 4. The effect o on E-type polarization power spectra. On

large angular scales the polarization signal will be boosted, while on FIG. 6. Compilation of current CMB temperature anisotropy
small scales, it will be damped. data; superimposed are three models with differing values. of
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TABLE |. Mean value and standard deviatien for the cur-

0.1

PHYSICAL REVIEW D 67, 063002 (2003

rently available temperature data. MA"&E,,%S&%?ETS ..........
Param. Mean T Markov % 0.08
T
A 1.749 0.471 @
Z 0.06
Ng 1.038 0.0553 <;:>
3
o o B 0.04
curacy of the polarization measurement is limited by detector2
noise. The cross correlation power spectrum behaves simig
larly to the polarization power spectrum; wheris increased ~ 0.02
the power on small scales is suppressed while on large scale
it is amplified. 0 .
2
I1l. CONSTRAINTS ON A
In our likelihood analysis of currently available and simu- 01 MAP polarized —.
lated future data we let varf , , ®gark matier L dark mattel s MAP polarized, o =
wbaryon=Qbary0,h2, the optical depth due to reionizatief , o 0.08
\ and the amplitude and shape of the primordial power specg
trum. We explicitly assume that the universe is flat. A
As we mention above, we expect there to be a degeneracg 0-06
between the shape of the primordial power spectrum and theg
parameten. To study this effect in the case of future satel- f, 0.04
lite missions which will measure polarization and could &
break this degeneracy, we introduce additional freedom ing
the shape of the spectrum. Rather than just assuming the= 0.02
P (k) is of power law form
Pk =kt ) g (19 i 2
In(k) ’

FIG. 8. Likelihood distributions ok for a one year observation

we also allowed spectra with curvature by adding anothe\gvith MAP. Compared is the case in which one assumes a simple

term in the expansion of IR as a function of Irk,

In P(K)/P (ko) = (n—1)In(k/ko) + a[In(k/kg) ]2+ - - -

wherekg is the pivot point. With this prescription the effec-
tive slope of the power spectrum changes slightly with scale,

0.06

0.05

likelihood with CMB-data

0.01

FIG. 7. Histogram for likelihood ok given present CMB tem-

(20

0.04

003 1

0.02

Histogrram for A; current Te'mpera'ture Data

perature anisotropy information.

power law spectrum of the initial perturbatiofs®lid lineg with the
case in which one leaves further freedontk) (dashed lines To
obtain the figure on the top, only temperature information was used
and for the one on the bottom polarization was included.

dInP(k)
W—n—lnLaln(k/ko). (22)
We employed two kinds of likelihood analysis. For an
evaluation of what currently available data can tell us about
N\ we used an importance sampling Markov-chain method to
generate a large number of cosmological models distributed
according to the likelihood distributiof(mode|data). This

is more efficient than an exploration of the entire parameter
space, because the sampling is weighted and statistics can be
established over the target distribution itself. Moreover the
algorithm is very easy to implement. The weighted sampling

is achieved through the Metropolis-Hastings algorithm. The
application of the Markov method to the extraction of cos-
mological parameters from CMB information has been sug-
gested in30].

To speed up the power spectrum computations for the
Markov chain we made use of the k-splitting technique dis-
cussed if31]. For each model we marginalized analytically
over the amplitude of the scalar fluctuations. In the end we
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FIG. 9. We plot the 68.3,95.4 and 99.7% contour lines of dd@smological models of our Markov chains. The upper two plots show a
projection onto the\ — « plane; the left plots are for temperature and the right ones include polarization information. The lower two plots
show the degeneracy of with the slope of the spectrum of scalar perturbations, It can be seen in the upper and lower plots that
polarization information reduces the degeneracy with the shape of the initial power spectrum.

constructed histograms and computed expectation values awdmplete account of pre-MAP CMB temperature anisotropy

variances for each parameter directly from the Markov chaininformation! The data, which have been compressed to 29
In order to estimate what the satellite missions MAP andbins, are plotted in Fig. 6. In this context, we actually as-

Planck will be able to tell us about the relation between thesumed a simple power law behavior of the primordial scalar

energy density and the expansion rate of the universe duringerturbations.

recombination, we investigated the shape of the likelihood The results we obtained from the Markov-chain analysis

function £(C,| #;) (for a power spectrunC; given a model  are shown in Table | and Fig. 7. As expected from the rather

consisting of the cosmological parametérk in the vicinity  \yeak dependence of the anisotropieshowe find that cur-

of its maximum directly by a Fisher matrix evaluation. ThiS yent data cannot put severe constraints on the expansion rate

method has been widely used to make predictions for theyring recombination even though other cosmological pa-
errors that are to be expected in the extraction of cosmologirgmeters are well determined.

cal parameters from planned CMB experiments. The Fisher Having emphasized the importance of measuring the lin-
matrix is given by the expectation value of the second de'early polarized component of the CMB, we should also note
rivative of the logarithm of the likelihood functiof(C,| ;). that its recent first detection by DAE36], unfortunately has
Assuming Gaussianity of the likelihood it is of the form too large error bars to deliver much information abaut

5C 5 Adding the DASI data in fact only changes the standard error
Al 2~ BI i inati
Fii=> > ~C X Cpr, o=, (220  in the determination ok by 3%.
T A d0 d6
) i j

B. Future satellite missions and the relevance of measuring

whereA andB run over the three observables: temperature, polarization

E-type polarization, T-E cross correlation angl run over _ _

the cosmological parameters. The covariance matrix between AN Up to date estimate of the expected angular resolutions
parameters is given by the inverse of the Fisher matrix@nd sensitivities of the MAP and Planck satellites has been
Overall we verified a good agreement between Fisher matrigbtained from the experimental groups websites. For both
and Markov chain results which confirms that the likelihoodSatellites we combined the three frequency channels with the

function £(C,| 6) resembles relatively well a Gaussian in the Nighest angular resolution and took into account the number
vicinity of its maximum value. of polarized instruments. In the case of MAP the sensitivity

estimate has been provided for 2 years of observation and the

A. Constraints from currently available temperature data

In order to find the constraints which can be imposed on The results of the Archeof82] and ACBAR experiment§33]
the parametei using available temperature data, we em-as well as the new Boomerang d&8#] were added to the compi-
ployed a compilation of 30 experiments which functions as dation described i}35].
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TABLE II. Fisher matrix results for MAP’s expected 2 year détabrackets are the values expected for
a 4 year observationThe first two columns are the results when polarization information is not included. In
the second column the curvature of the primordial spectrum was left to vary. In the last two columns
polarization information was included.

T (F;l)1/2 (F;l)I/Z’ a T+P (FiTl)1/2 (F;l)I/Z’ a

N 0.1928(0.1279 0.2616(0.1992 A 0.1373(0.0903 0.1658(0.1165
n 0.0294(0.0248 0.0646(0.0595 n 0.0170(0.0149 0.0489(0.0418
a X 0.0237(0.0222 a X 0.0151(0.013%

angular resolution®,, are 13.2, 21.0 and 31.8 arcminutes Where the beam window functiofs, is to be constructed
for the three channels observing at 90, 60 and 40 GHz. Thiom the relevant frequency channels with their individual
leads to a raw sensitivity of sensitivitiesw, as

-1_ 2
wy 7=(0.081 uK) 2 2 We
B —g B ey (26)

wWp=(0.114 uK)>2.
BEC:e—I(I+1)0§,c_ 27)
If MAP observes for four years the raw sensitivities (*)
will be halved. For the Planck satellite missighere the Here, the standard width of the bedipis obtained from the
sensitivity estimates are given for a one year observatiofull width half maximum resolution by
period, the three channel$217, 143 and 100 GHzat
Orihm="5.0,7.1 and 9.2 arcminutes give together Orwhm c

(28)
wy 1=(0.0084 uK)?
As a fiducial model we have adopted the parameter values

wp1=(0.0200 uK)?2.
T QK QA Wgm wpy Ng A

Again the raw sensitivities for a two year observation will be 0.05 0 0.7 014 002 1 1 (29
half of these values. For both satellites, a sky coverage of
fsky=0.8 was assumed. They imply a hubble constant &f=0.73.
From these experimental characteristics the full estimator
covariance matrices for each multipdlean be constructed 1. Expected constraints from MAP
(e.9.[37)). The diagonal terms of the covariance matrices for e analysis of expected constraints from the MAP satel-
temperature, polarization and cross correlation are lite mission shows the constraints it can put)orare rather

weak. Better sensitivity is needed to accurately determine the
polarization and higher angular resolution to map the damp-
ing tail. On the other hand our results illustrate how the
inclusion of a curvature term for the primordial spectrum
significantly weakens the constraints that one obtains from
(Cg+wg B, %)? (24)  the temperature data.

A precision test of the Friedmann equation will have to
wait until both polarization and the damping tail are mea-
sured accurately. In the near future experiments such as Boo-
merang, BICEP, Polatron and others are expected to signifi-
e cantly improve polarization measurements while CBI,
X(Cgtwp B 9] (25 ACBAR and others will map the damping tail. In a few more

Cov(C2)= (Cr+w; B ?)2 (23)
y

2
(21+21)fgy

R 2
2\ _
CouCa)= 3 1) fegy

CovC%))= [CZ,+(Cp+wy B ?)

21+ Dfsyy

TABLE llII. Fisher matrix results for Planck’s estimated 1 year ddi@ckets contain the 2 year resilts
Columns are equivalent to those in Table II.

T (Fi?l)ZI./Z (Fi?l)1/2, o T+P (Fi?l)l/Z (Fi?l)llzl o

A 0.0170(0.0152 0.0325(0.0278 N 0.0115(0.0093 0.0174(0.0142
n 0.0118(0.0106 0.0182(0.0160 n 0.0072(0.0060 0.0098(0.0080
@ X 0.0072(0.0620 a X 0.0039(0.0033
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years, the Planck satellite will measure both temperature and
polarization accurately enough to severely constrain any
change in\. We will present an analysis of Planck’s sensi-
tivity in the next section.

In Sec. Il we discussed the different response to a change
of A of the temperature and the polarization anisotropy. We
found that on large angular scales polarization power is in-
creased if we increase the expansion rate during recombina-
tion, while the temperature anisotropy is almost not affected
on these scales. When only temperature is being measured,
changes in the expansion rate of the universe during recom-
bination are strongly degenerate with the slope of the spec-
trum of the initial scalar perturbations, which can be clearly
seen in Figs. 8 and 9. Because polarization responds differ-
ently on different scales to a change »f it breaks this
degeneracy. We show this in Fig. 9. The result of the likeli-
hood analysis which includes polarization information is in-
cluded in Table 1.

We noticed that a major part of the information »rirom
MAP’s polarization measurements will come from the cross
correlation between temperature and polarization. When add-
ing just the cross correlation information we found that we
gain almost 90% of the information that is gained in the case
in which all three estimators are included.

2. Expected constraints from Planck

The Planck satellite explores the very small structures in
the primeaval plasma in a multipole range up to neérly
=3000. Even if only Planck’s temperature data are used, the
standard error irn will after a one year observation be as
small as 3.2%, even if one marginalizes over the parameters

FIG. 10. The distribution of values of lambda for one versus twothat describe the shape of the primordial power spec-
degrees of freedom in the primordial power spectrum. The uppetrum (Table IIl). This corresponds to a constraint on the
plot shows the temperature case while the lower includes polarizagravitational constant of §G/G=0.064. Finally, the

tion.

085 09 095

085 09 095

1 1.05

1.1

improvement gained from Planck’s polarization data

085 09 095 1 1.05 11 115

) ) ) ) . 0.9
085 09 095 1 105 11 115

FIG. 11. Contour lines for the case of Plangkith the same ordering as abgvégain it is shown that one can lift the degeneracy
between\ and the shape of the primordial fluctuations by measuring CMB polarization.
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(ONIN=0.01% 6G/G=0.034) is shown on the right-hand =4000 and found errors of under a percent in that case. Thus
side of that same table. If one assumes that there is no cunext generation experiments should be able to deliver very
vature in the primordial power spectrum the constraint on Gaccurate constraints on the expansion rate of the universe
would be as small a8G/G=1.8% after an observation of during recombination.
two years. Figures 10 and 11 show again, analogously to the We acknowledge that if the variation of the gravitational
case of MAP, how polarization helps break the degeneracgonstant during recombination is taken seriously a model
between\ and the parameters that describe the shape afeeds to be built wher& changes after recombination and
primodial perturbations. converges towards the stable value observed in laboratory
We have extended our investigation beyond Planck to thexperiments today and where its current rate of change is less
case of an experiment which has essentially no noise anghan the experimental boun@/G=10"2yr~1 [23,39. If
where the errors in the CMB power spectra are on all scalege introduce a scalar field to control the value ®fwe
dominated by the cosmic variance term. For example experiyould also have to require that this field does not lead to an
ments currently being considered for measuringBheodes  unacceptably large fifth force and does not violate solar sys-
of CMB polarization would be cosmic variance limited for E tem constraints such as shifting the orbit of the moon
polarization over a wide range o I(e.g. [38]). Such an  through the Nordvedt effe¢#0,41.
optimal experiment, exploring structures into a multipole  The shift of G after recombination will induce a change in
range ofl =4000, represents the limit of how much informa- the angular diameter distance to recombination, shifting the
tion on A one could extract from the CMB in principle. We CMB power spectrum id. We have shown that future ex-
found an expected error far of order 0.3% which translates periments will be able to constrain the changeGofo a few
into a constraint of the value of the gravitational constantpercent due to its effect at recombination. As a result the

during recombination 06G/G=0.6%. induced shift in the peak positions would be small and could
be interpreted as slightly different values@f,, and/orQ}, ,
IV. DISCUSSION the two parameters that control the distance to the last scat-

. . tering surface in conventional models. In the same way, any
We have .made the éxpansion ratg of the'umverse.a frefr:lduced integrated Sachs-WolfisW) effect would be diffi-
parameter in a likelihood analysis within an eight- o+ 45 ohserve because of the cosmic variance limitation. If

dimensional cosmological parameter space. For simpliCity,qoneq with a high enough accuracy it should not be iden-
we assumed that the gravitational constant is changed byt?cal with what is predicted by a simple cosmological con-
factor . We showed that an increase ofleads to a wider ¢ nt model.

visibility function which in turn increases the damping of | this paper we have shown that future measurements of
anisotropies on small scales and increases the level of Iargﬁe CMB anisotropy will be able to extract information about

scale poliarizlati%n.h s th g the relation between the expansion rate and the energy den-
We calculated the constraints that current CMB data Car%ity of the universe during recombination, because of its ef-

@mpose on the expansion rat_e. The _constrai_nts that can BE.t on the recombination history of hydrogen.
imposed on the parametirusing the information from the
damping tail are severely weakened by our lack of knowl-
edge about the shape of the primordial power spectrum. We
showed that measuring polarization helps to break this de- 0O.Z. thanks Christian Armendariz-Picon, Hans-Joachim
generacy. Current data can only constraito about 74% at Drescher and Emiliano Sefusatti for useful discussion. O.Z.
lo. We showed that MAP could obtain 9% error bars Xor is supported by the Deutscher Akademischer Austauschdi-
while for Planck error bars go down to 0.9%. We also ex-enst. M.Z. and O.Z. are supported by NSF grants AST
plored the ultimate limit that could be achieved by a cosmic0098606 and PHY 0116590 and by the David and Lucille
variance limited experiment measuring anisotropies up to Packard Foundation.
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