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We give a brief review of the known effects of a dynamical waoucosmological component,
the dark energy, on the anisotropies of the cosmic microlwaekground (CMB). We distinguish
between a “classic” class of observables, used so far tdremghe average of the dark energy
abundance in the redshift interval in which it is relevantdoceleration, and a “modern" class,
aiming at the measurement of its differential redshift vétra

We show that the gravitationally lensed CMB belongs to tleesd class, as it can give a measure
of the dark energy abundance at the time of equality withenabiccurring at about redshift 0.5.
Indeed, the dark energy abundance at that epoch influermmeeslgithe lensing strength, which is
injected at about the same time, if the source is the CMB. Wtihte this effect focusing on the
curl (BB) component of CMB polarization, which is dominatedlensing on arcminute angular
scales. An increasing dark energy abundance at the timeuafliggwith matter, parameterized
by a rising first order redshift derivative of its equatiorstedte today, makes the BB power drop-
ping with respect to a purACDM cosmology, keeping the other cosmological parameteds a
primordial amplitude fixed. We briefly comment on the forthméng probes which might measure
the lensing power on CMB.
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1. Fighting against a Cosmological Constant

There are conceptually two ways in which the vacuum energyifested in the Einstein equa-
tions:

The first one, represented Byabove, has a pure geometrical conception and was introdmced
Einstein himself for reconciling a static cosmology withhgeal relativity, a mistake marked by
himself as his biggest blunder. The second one, represbgptédn the equation above, was rein-
troduced afterwards by quantum mechanical arguments.

There is basically no expectation f&r while V might be of the order of the energy scale at which
all forces are predicted to unify by quantum gravity argutsgthe Planck energy densipg|anck
simply because that is expected to be a fundamental scaleyuEmtum mechanics does not pro-
tect the vacuum from possessing a non-zero energy densigyCbsmological Constant Problem
(CCP) comes from the fact that the vacuum energy is not cabipatith the cosmological picture
we guess, as it causes an exponential expansion which psesteurctures to grow; this implies that
the two vacuum energy terms above have to cancel out withtadémprecision, leaving a residual
which must be comparable or smaller than the present energity; the latter is about 123 orders
of magnitude lower thappanck, Which implies

A=V

107128, 1.2)
Pplanck

The CCP problem simply points out that there is at the preserdgxplanation why the number
above is so small, regardless that it is exactly zero or rfainé believes to the recent data from
Type la Supernovae (SNla, [1, 2]), Cosmic Microwave Backgrb(CMB) and Large Scale Struc-
ture (LSS) combined (see [3] and references therein), giwiidence for acceleration in the cosmic
expansion, the vacuum energy density today is actuallyzeoo; being about 75% of the critical
one, with a few percent precision. This means that the numtike equation above is non-zero, of
the order of 10122 with percent precision. Technically speaking, this evigeis not representing
a new problem with respect to the CCP, but rather it is renguhe interest for it. The simplest
explanation of the cosmic acceleration in terms of a Cosgicdd Constant immediately raises
two problems, known as fine tuning and coincidence, respgtiWhy the vacuum energy is so
small with respect to the typical values in the early unig@r8Vvhy is it comparable with the matter
energy density at the present? In response to this embaeasscosmologists created a broader
concept of cosmological vacuum component, the dark enedgigh may be dynamic and reduces
to the Cosmological Constant in the static limit [4, 5]. Theasure with the highest possible ac-
curacy of how much the dark energy is close to a Cosmologioak@nt is likely to be one of the
major challenges for cosmology in the forthcoming decatleshis work we make a brief review
of the dark energy effects on the CMB anisotropies. In seiave describe how the dark energy
is usually parameterized. In section 3 we review how the Cl8lieen used so far to constrain the
dark energy. In section 4 we list the new ideas of using the GidR dark energy probe, focusing
on the gravitational lensing effect. In section 5 we show lloevlensed CMB polarization, and its
curl component in particular, depends on the dark energpddnce at the onset of acceleration.
Finally, in section 6 we briefly comment on the forthcoming Blxperimental probes.
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Figure 1: A representation of the behavior of non-relativistic, tieiatic matter and different models of
dark energy, as a function of the redshift on a logarithmédesc

v(1-a)y=wyt(1l-a)(w,

a=1/(1+z)

Figure 2: The behavior of the dark energy equation of state when itsevahd first derivative at present are
given.

2. Parameterizing cosmic acceleration

The main dark energy unknown is its abundance as a functidheofedshift,o(z). That is
conveniently parameterized in terms of the ratio betweesgure and energy density, the equation
of statew(z); the latter fixegp by means of the Einstein conservation equation, which iespli

p:poexp[S/OZ(lir#] , (2.1)

wherepg represents the present dark energy density. In figure 1 welskee possible behaviors
that the dark energy might have, and that have been propodée literature. The straight lines
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represents the scaling of non-relativistic and relafivistatter, as(1+ z)® and (14 2), respec-
tively. The shaded area represents our ignorance on dargyemamely the fact that we know
with percent accuracy its abundance today (see [3] andergfes therein) while the uncertainty
increases fast with the redshift. Together with the Cosgiodd Constant behavior, the dark energy
might follow the dominant component (early quintessenbertsdashed line, [5]), have an almost
constant equation of state but larger thah(tracking quintessence, dashed line, [4]), or have some
other complicated behavior, represented with dots in thedigor a more complete review of the
different models, see [6]. In the first two cases, the darkggn&rajectories represent attractors
which may solve, at least classically, the first of the twdytems affecting the Cosmological Con-
stant mentioned in the previous section.

If one has to measure the redshift functiofz), the most unbiased approach would be to bin the
redshift interval in which the dark energy is relevant, anovjle some measure gfin each bin.
This approach is model independent by definition, has beeady} considered in the literature (see
e.g. [7, 8]), and will eventually be the standard with theré@se in accuracy of the cosmological
experiments. On the other hand, it has the disadvantagecteaise the number of quantities to
measure, with consequent decrease in accuracy until thendidhave the appropriate quality. A
viable alternative is represented by the parameterizatighe few fundamental dynamical quan-
tities that the dark energy has in any model. A convenientcehf®, 10] is represented by the
present value of the equation of stai®, and its first derivative in the scale factag; the latter
simply measures the difference betwaeynand the asymptotic value in redshifi,.:

W=Wp—Wz(1l—a) =wp+ (1—a)(We —Wp) . (2.2)

The behavior of this function is shown in figure 2. Although d@ppearance is markedly different
from the existing models, represented in figure 1, it cattheselevant behavior af at least close
to the present, and that’s the reason of its wide use.

3. “Classic" dark energy effects on CMB and their role in the aurrent constraints

The dark energy modifies the cosmic expansion in the epocthiohwit is relevant, i.e. at
z< 0.5. Asitis easy to see from (2.1 > —1 means higher density, and consequently an higher
Hubble parameter, at all epochs starting from the same value today. The CM&tffinduced
by this modification were historically the first ones to beleitpd to constrain the dark energy, and
they are “classic" in this sense.

The first one is known as projection effect, and is merely dui¢ change in the distance of the
last scattering surface induced by the modified expansktonyi The distance to the last scattering

(Is) is easily evaluated as
1 4s dz
D = cHj / —— (3.1)
0 \/Zili/Pco

wherec is the light velocity,Hp the Hubble expansion rate todayy is the value of the cosmolog-
ical critical density today, and the indéxuns over all cosmological components. Following the
example abovey > —1 means that the last scattering surface gets closer, makifegtures in the
CMB anisotropy appearing on larger angular scales. The améch of this effect is represented
in figure 3; the reported formula is a simplification of (3.1hem all components have a constant
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Figure 3: The dark energy dynamics alter the distance to last saagtezausing the same features of CMB
anisotropies appearing on different angular scales.
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Figure 4: The variation ofH induced by the dark energy dynamics boosts anisotropiearge kangular
scales.

equation of state, and defining the parame€®rs- pio/pc0- In the bottom right panel the angular
power spectrum of CMB anisotropies is shown for total iniign@ T, top curve), cross correlation
between total intensity and polarization (TE, second ctirem above), gradient and curl com-
ponents of CMB polarization (EE and BB, third and fourth @s"\from above, respectively); the
whole spectra shift to the right or left under the effect ofkdanergy, as the multipleparameter-
izes the inverse of the angle at which the anisotropy powereiasured.

The second effect comes from the different behavior of céesgical perturbations induced by
the modified expansion rate, and is known as Integrated S&bolie effect (ISW). An higheH
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makes an higher cosmological friction, enhancing the dyosiat hills and wells in the grav-
itational potential undergo between last scattering aedpiiesent. As photons cross them, TT
CMB anisotropies are boosted, but only on large angulaesgcaince on smaller ones the effect
is washed out by the superposition of many structures aloadjrie of sight. The effect is purely
metric, and does not affect polarization as it does not ivelectromagnetic scattering of photons.
Itis illustrated in figure 4.

The two effects above are both caused by the effect of theatsgkgy abundance integrated over
the redshift. In the case of the projection, the redshifietelence of the dark energy density is ac-
tually washed out by the two redshift integrals (2.1,3.1e&@ly this prevents from measuring the
dark energy abundance at different redshifts, and alsodotres degeneracies with other parame-
ters which may also modify the redshift averaged expansstory. Again following the example
above, the reduction of the distance to last scattering dwedark energy withw > —1 is also
induced in closed cosmologies, where distances are ctedrabespite of these degeneracies, the
CMB is a pillar of the present constraints on the dark enethg: combination of the data from
LSS and CMB anisotropies represents a complementary pifdbe expansion rate with respect to
the SNla; their combination allows to probe cosmologiesrettee dark energy equation of state
is assumed to be a constant, indicating that in those sosnt® dark energy is a Cosmological
Constant with roughly ten percent precision (see [3] andregfces therein for a more accurate
guotation of best fit confidence region):

w=wp=—-1+10%. (3.2)

Recently, an attempt has been made to measure the behather adrk energy at redshifts higher
than one, exploiting the data from the Sloan Digital Sky 8yr{6DSS) and Lyman- forest; the
results still indicate a Cosmological Constant within esrp11], still we refer to the original paper
for a precise quotation of errorbars):

Wpeo3 = —1+£10% , Wyuq = —1+25%. (3.3)

The effects we just described are largely used and knownukeciey are common to all dark
energy models. On the other hand there may be others arissgecific scenarios. For example,
in early quintessence cosmologies where a non-vanishirk) efeergy density is present at last
scattering, the latter process results affected, with equesnt modification of the shape of the
acoustic peaks [12].

4. “Modern" CMB relevance for dark energy: the promise of lensing

Despite of the remarkable experimental results exposedealoe theoretical difficulties re-
lated to the Cosmological Constant represent a motivatiqgrush the battle a little forward. The
entire redshift behavior of the dark energy has to be medsur¢he forthcoming years, at all
epochs relevant for acceleration, going well beyond thegaredata on its redshift average. To this
purpose, several probes are being studied in addition tortheovement of the data from SNia,
CMB and LSS, opening the way to the “modern” era of dark enetggervations. In figure 5 we
show a little scheme of the relevant cosmological epochs.oriset of acceleration is a recent pro-
cess in terms of redshift, and overlaps with structure fdiona For this reason most of the modern
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Figure 5: A representation of some relevant epochs in cosmology.
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Figure 6: A representation of the lensing probability, distingurghdark energy models at high redshifts.

dark energy probes try to exploit such overlap. Severalasthre studying the dark energy rel-
evance of effects like the oscillations imprinted by barydam the dark matter distribution [13],
the correlation between the ISW effect on the CMB and the vieseL SS distribution [14], the
gravitational lensing of galaxies [15] and CMB [16]; all #eeworks are the latest ones of several
by many authors which may be found in the references.

In this paper we make some comments on the last aspect oelyCMB lensing relevance for
dark energy comes from an elementary geometric propertyeaftavitational lensing process: the
lensing probability is zero if the lens position coincideshathe observer or the source position.
Therefore, any lensing observable picks up its signal riguigithe middle between source and ob-
server. As sketched in figure 6, if the source is the CMB theilenpower peaks at about redshift



The CMB as a dark energy probe Carlo Baccigalupi

Figure 7: A sketch of the generation of lensing BB modes in the CMB ppédion anisotropies.

1 (see [17] and references therein); this is very intergdfin dark energy, because it means that
the CMB lensing is potentially relevant for constraining aoundance at the onset of acceleration,
independently on its present behavior.

The weak lensing of the CMB by large scale cosmological sires along the line of sight is a
science per se, see e.g. [18] and references therein: ileigarg on the typical angular scales
subtended by cosmological structurezat 1, say from a few arcminutes to the degree, and rep-
resents a second order cosmological effect, caused byripatitns in the matter density onto
CMB anisotropies. Therefore it correlates different ssateaking the overall CMB statistics non-
Gaussian, smearing out the acoustic peaks in the angular@pectrum, transferring power from
the EE component of the CMB polarization to the BB one. Thss édfect is the one we focus on
in the following.

5. Lensing BB modes in CMB polarization

The generation of lensing BB modes is described in figure ®nBstarting with a pure EE
polarization at last scattering, a fraction of it becomestBBensing. Once again, this is due to the
fact that CMB lensing is a second order effect for cosmolalgierturbations. Their independence
at different wavelengths, valid at the linear level, no lengolds for lensing. The relevance of
this effect on dark energy is also indicated in the figure, snsimply because the injection of
BB modes occurs at the onset of acceleration, and thereforgdshe sensitive to the dark energy
abundance at that epoch. Another welcome feature is thaodraological BB signal is expected
to be dominated by lensing; any primordial power injectedgbgvitational waves peaks on the
degree scale, and vanishes rapidly on smaller angles keohtiir relativistic behavior.

We now expose the relevant features of this argument, widlgaatitative analysis can be found
in [16]. Let us consider two different dark energy modelsitfieing the same equation of state
today, but markedly different in the past, as in figure 8, w&ip panel; technically, those models
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correspond to a SUGRA ([19], dashed line) and inverse poawrdquintessence potentials ([4],
solid line). They are suitable for our analysis, as theyeditit high redshift. So we fix all cos-
mological parameters to be the same for the two models, divguthe primordial perturbation
normalization, and we look at the lensed CMB angular powectsp in the top right and middle
panels of figure 8. The plotted s are the coefficients of the expansion in Legendre polynsmia
of the CMB anisotropy two point correlation function in teempture and polarization, normalized
to the average temperature in order to be dimensionlessleWtd TT and EE spectra undergo
primarily a modest projection shift, the BB amplitude chemgemarkably as a consequence of
the modified value oH at the epoch in which the lensing is injected, as a result eftifferent
behavior in the two dark energy models. This is simply unmexs as follows: for a fixed primor-
dial normalization, an higher value &f results in an higher damping of perturbations because of
cosmological friction, reducing the overall power of lengsi Indeed, the difference in amplitude
of the BB modes traces the one in the valuevadt about redshift 1; for instance, the height of the
lensing peak shows a 30% variation for the models in figuree8,tBe top left and middle right
panel.

In order to demonstrate that this feature breaks the piojedegeneracy mentioned above, in the
two bottom panels of figure 8 we consider three different dar&rgy models with different val-
ues ofwg andw,, giving the same distance to last scattering (3.1); namieéyntodels haveg =
—0.8, w,, = —0.56 (dotted line)wg = —0.9, w,, = —0.4 (dashed line)wg = —0.965 w., = —0.3
(solid line). As it is evident, while the TT spectra are ideal, the amplitude in BB changes re-
markably.

As we stressed already, the quantitative assessment of oW tinis effect helps the determination
of the redshift behavior from CMB lensing is ongoing [16]. @we other hand, the good amplitude
of the effect, the enhanced sensitivity to the dark energyndance at the onset of acceleration,
independently on the present, and ultimately the easy eaptm in terms of the known cosmolog-
ical dynamics makes this feature interesting. If the amgétof the lensing BB modes will ever
be measured, it will be straightforward to check if the légghe same as predicted im\&CDM or
different, as models witlw > —1 at the onset of acceleration predict.

6. Future CMB data and dark energy

We conclude making some comments on the possibility to tidtedensing on the CMB in
the near future. The attempts conducted so far on the datebiilkinson Microwave Anisotropy
Probe (WMAP) were unsuccessful [20], while for the otheraripents the lensing detection is
hopeless due to instrumental limitations.

The forthcoming CMB probes are expected to have the instntetheapabilities to detect the lens-
ing distortion in the CMB anisotropies, and in particulatiie BB power in the polarization.

The Planck satellite (www.rssd.esa.int/Planck) has tipeggiate sensitivity in order to detect the
non-Gaussian power induced by lensing on TT anisotropgeang lensing observable, such non-
Gaussian power is also injected at the onset of accelerahbn The potential relevance of this
effect for constraining dark energy has also been addréssed21] and references therein).

The CMB polarization on degree and sub-degree angularsscatel the BB modes in particular,
are the main targets of the next sub-orbital CMB probeseeihound based and balloon borne, in a



The CMB as a dark energy probe Carlo Baccigalupi

—0.4 [T 8x10-10
- ——- SUGRA T [ i
F e 4 B6x10-10 | _
o : 108 : :
, N
\;/ F v 1 8 4x107e - 7
L // B :
-0.8 - . s i~ [ i
L 2x10-10 |
B Y R TV] AR UTr! R AR ol ol ol L]
0.01 0.1 1 10 100 0 500 1000 1500
Z
Bx10-12 10~
i 8x10-15 |- n
K 4x10712 & r Ny ]
Y Q
L 6x10-15 |-
) o Q L i
= = r "
+ [ + 4x10715 = -
< 2x1012 |- i~ r ]
: 2x10-15 L ;
0 oL ‘ ol L]
0 0 500 1000 1500
i
8x10-10 10~
- 8 8x10-15 |- n
Bx10-1 |- 7 [ . i
5 ; 1 & : |
AN r i N 6x1071 |- -
E2 @ r / 7
% 4x10-10 j i % L ]
Y F il ¥ 4x10715 - -
= 1 = [ ]
2x 10710 s F
] 2x1071 —
ol Cl ol | oL ‘ L
0 500 1000 1500 0 500 1000 1500

1

Figure 8: Lensed CMB spectra in dark energy cosmologies with diffeeguation of state behavior (top
left): TT spectra (top right), EE spectra (middle left), B@estra (middle right). Bottom: lensed TT (left)
and BB (right) spectra for three dark energy models feafuttie same distance from last scattering.

similar way as it was for the detection of the first peak in thBCT T anisotropies, just a few years
ago. There is no space to review all of them here, but a gobddisbe found at lambda.ngsc.gov
where one can appreciate their number, and the consequgatlheoretical and technological ef-
fort in this direction. As an example, in figure 9 we show thpanted performance of the balloon
borne E and B experiment (EBEX, see [22]). The error bars @ilated based on the expected
detector sensitivity, number of detectors, sky coveragkiategration time. They do not include
calibration or other systematic uncertainties. The tofaldgynal, indicated as a solid line as the
EE one, is made by a primordial contribution of tensor modeshfthe Inflationary Gravitational
Background (IGB), plus the lensing power. As it can be seeprinciple that instrument should
measure the level of the lensing BB power with good accurBoy.sure, such performance has to
be revised in terms of systematics, but the figure also tgbtdione of the main obstacles to the
observation of the cosmological BB power in the CMB, whicheapresented by the diffuse fore-

10
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Figure 9: The expected performance of the EBEx experiment for CMBnmation measurements [22].

ground emission from our own Galaxy. At the frequencies ef HBEx experiment, between 150
and 450 GHz, the main contaminant is represented by the #ielust emission, made by magne-
tized grains which get locally aligned by the Galactic mdignigeld; its expectation at 150 GHz is
shown as a dashed line in the figure. While for CMB TT the skyelatively free of foreground
emission when the observation is targeted on a region far fhe Galactic plane, for polarization,
and BB modes in particular, the foreground contaminatiqgrotentially relevant on all sky regions,
and at all frequencies, as the WMAP data recently confirm8¢l [@n the other hand, the statis-
tical difference between background and foregrounds mighéexploited in order to reduce the
foreground contamination in the forthcoming CMB experitisesee [24] and references therein.

In conclusion, we brought arguments here which show thaCtti8 has to be regarded as a
probe of the differential behavior of the dark energy congminnot only of its average as it has
been so far. Its efficiency will be limited by instrumentakmatics or foreground emission, but
whether or not this will be worse than for other probes, eugesnovae or lensing of galaxies etc.,
will be clear only when the data will be actually taken.
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