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Abstract. Cosmology demands particle physics beyond the Standard Model: we need to explain the nature of dark matter and
dark energy, and the physics of cosmic in�ation. Cosmology also provides the tightest upper bound on the sum of neutrino
masses, and it seems only a matter of time before we measure the absolute mass of neutrinos, unveiling the neutrino mass
hierarchy. It also provides a measurement of the number of relativistic species at the photon decoupling epoch (at which the
temperature of the universe is 3000 K). Astronomy and Astrophysics Decadal Survey conducted by USA’s National Academy
of Sciences has identi�ed these four topics (dark matter, dark energy, in�ation and neutrinos) as the most important subjects
to study in cosmology over the next decade. In this contribution, we review the current status on these topics, in light of the
recent cosmological constraints.
Keywords: cosmology; cosmic microwave background; dark matter; dark energy; in�ation; neutrino mass
PACS: 98.80.-k

INTRODUCTION

Do we need particle physics beyond the Standard Model? From cosmologist’s point of view, the answer to this question
is a solid “yes,” as we need to explain the nature of dark matter and dark energy, as well as the physics of cosmic
in�ation. Explaining any of these requires new physics beyond the Standard Model.

Combining temperature and polarization anisotropies of the cosmic microwave backgroundmeasured by the Wilkin-
son Microwave Anisotropy Probe (WMAP) satellite [1] and the other astrophysical data that are sensitive to the cosmic
distance scales (such as the Baryon Acoustic Oscillation (BAO) [2] and the Hubble constant (H0) [3]), we have deter-
mined the energy budget of the current universe to be 4.58± 0.16% hydrogen and helium nuclei; 22.9± 1.5% dark
matter; and 72.5±1.6% dark energy [4]. While we know that dark matter and dark energy exist, we do not know what
they are. There are no particles in Standard Model which can account for the measured mass density of dark matter.
(The mass density of the standard left-handed neutrinos is at most 10% of the measured mass density of dark matter.)
The leading candidate for dark energy is a cosmological constant (or vacuum energy), but it tells us nothing as to why
the observed vacuum energy is so small compared to a native expectation from quantum �eld theory.

The current data of the cosmic microwave background are consistent with the standard predictions of in�ation.
The spatial curvature of the observable universe is zero: the dimensionless curvature parameter is constrained to be
−0.013< Ωk < 0.008 (positive Ωk being negative curvature) at 95% CL. The primordial �uctuations are nearly scale-
invariant and Gaussian. The precise de�nition of these terms (scale invariance and Gaussianity) will be provided in
“In�ation” section below, but the parameters that characterize these properties are constrained as ns = 0.96± 0.01
(68% CL) [4, 5, 6] and fNL = 32± 21 (68% CL) [4]. Some in�ation models have been ruled out by the data, but the
others have survived. We do not yet know what physics drove in�ation.

From a host of neutrino oscillation experiments, we now know that at least two neutrino mass eigenstates have
non-zero masses (see references in [7]). As these experiments measure only the mass squared differences between the
neutrino mass eigenstates i and j, i.e., m2

i −m2
j , we do not yet know the absolute mass of neutrinos. Cosmology has

been playing a leading role in constraining the sum of neutrino masses, ∑i mi. In particular, as we argue in “Mass of
Neutrinos” section below, determining whether ∑i mi = 0.06 eV or ∑i mi = 0.1 eV has an important implication for the
neutrino mass hierarchy. The current most robust 95% CL upper bound on ∑i mi from cosmology (the WMAP 7-year
data combined with BAO and H0) is ∑i mi < 0.58 eV [4]. It seems only a matter of time before we actually measure
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FIGURE 1. Temperature anisotropy of the cosmic microwave background measured by WMAP. (Left) Full-sky temperature
map (smoothed to angular resolution of 1 degree full-width-at-half-maximum) of the WMAP 5-year data in Galactic coordinates
after subtracting Galactic foreground emission using 5 frequency bands [10]. (Right) Angular power spectrum of the WMAP 7-year
temperature data (black points with error bars),CTTl = (2l+1)−1 ∑m |alm|2, where alm is the spherical harmonics coef�cients of the
temperature map, T (n̂), computed from alm =

∫
dn̂ T (n̂)Ylm(n̂) [4]. The purple and green points with error bars are ground-based

data from the ACBAR [11] and the QUaD [12] experiments, respectively.

∑i mi at the level of 0.06 eV [8].
LEP’s precision measurements of the decay width of Z bosons into neutrinos (which is measured from the total

decay width minus the decay width to quarks and charged leptons) shows that there are only 3 left-handed neutrino
species [9]. In cosmology, these neutrinos act as massless particles (i.e., relativistic particles) before the temperature
of the universe falls below T �mi/2.25. On the other hand, there may be other neutrino species (such as right-handed
neutrinos) which are inactive or invisible at colliders. There may also be other relativistic particles in the universe
which are yet to be found. One can combine the observed abundance of helium nuclei with theory of the Big Bang
Nucleosynthesis to determine the number of relativistic species at the temperature of 109 K. One can use the observed
cosmic microwave background anisotropy to determine the number of relativistic species at the temperature of 3000 K.
There is a tentative 2-σ hint that there may be one extra relativistic degree of freedom (in addition to photons and 3
neutrino species) at 3000 K [4, 5, 6]. It is too early to draw any de�nitive conclusions about this; however, if con�rmed
by, e.g., the Planck data which are sensitive enough to detect such an extra relativistic species at 5-σ level, then it
would have a profound implication for particle physics beyond the Standard Model.

The latest “Astronomy and Astrophysics Decadal Survey” conducted by USA’s National Academy of Sciences
(known as Astro2010) has identi�ed these four topics (dark matter, dark energy, in�ation and neutrinos) as the most
important subjects to study in cosmology over the next decade.1 In this contribution, we shall review the current status
on these topics, in light of the recent cosmological constraints (mainly from the WMAP 7-year data shown in Figure 1).
Unless noted otherwise, the parameter values quoted below are from [4].

DARKMATTER DENSITY

In order to �t the power spectrum of temperature anisotropy, CTTl , shown in the right panel of Figure 1, we need
two matter components: one is the baryonic matter (and electrons) which interact with photons, creating the acoustic
oscillation vividly seen in the measured CTTl . The other is the dark matter which interacts with the other components
or with itself only gravitationally, and is “cold” in a sense that it is pressureless with zero sound speed. (On the other
hand, the photon-baryon �uid has a sound speed of cs = c√

3(1+R)
where R≡ 3ρb

4ργ
.) As the inferred mass density of dark

matter is 5 times as large as that of baryons, the basic picture here is that photons and baryons interact with each other
forming the acoustic oscillation in a gravitational potential well provided mainly by dark matter.

Roughly speaking, we determine the baryon density to the photon density ratio, ρb
ργ

, from the ratio of the heights of

1 See page T-3 of Astro2010 Panel Report for recommendations made by “Cosmology and Fundamental Physics Committee,” which was chaired
by David N. Spergel at Princeton University.
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the �rst and second acoustic peaks, and the total matter density (i.e., baryon plus dark matter) to the total radiation
density (i.e., photons plus neutrinos) ratio, ρb+ρdm

ργ+ρν
, from the ratio of the heights of the �rst and third acoustic peaks. As

the photon energy density is given (in natural units) by ργ =
π2

15T
4

γ and we know the photon density precisely from the
measurement of the present-day photon temperature (2.725± 0.001 K [13]), the �rst-to-second peak ratio gives the
baryon density parameter as Ωb= 0.0458±0.0016 (68% CL). The neutrino energy density is given by ρν =

7
8

π2

15NeffT 4
ν

(where a factor of 7/8 is due to Pauli’s exclusion principle). Assuming the standard thermal history of the universe,
the neutrino temperature, Tν , is related to the photon temperature, Tγ , as Tν = (4/11)1/3Tγ , and the effective number
of neutrino species is given by Neff = 3.04. With these assumptions, the �rst-to-third peak ratio gives the dark matter
density parameter as Ωdm = 0.229± 0.015 (68% CL).

However, once we relax the assumption of Neff = 3.04 and consider a possibility of adding extra relativistic species
(which do not have to have anything to do with neutrinos), then we can no longer constrain Ωdm from the WMAP data
alone. On the other hand, if we have information on Ωdm from other observations (such as the large-scale structure of
the universe), then we can use the �rst-to-third peak ratio to determine Neff. This is the topic of the next section.

NUMBER OF RELATIVISTIC SPECIES

When we talk about the “extra relativistic degrees of freedom,” it is customary to treat these extra degrees of freedom
as if they were neutrinos. In other words, we parametrize the extra relativistic energy density, ρR, as

ρν +ρR→ ρ̃ν =
7
8

π2

15
NeffT 4

ν , (1)

withNeff ≥ 3.04 and Tν =(4/11)1/3Tγ . As a result,Neff does not have to be an integer: if these extra species are Bosons,
the number would be different by a factor of 7/8. Their temperature can certainly be different from (4/11)1/3Tγ .

How can we constrain the effective number of relativistic degrees of freedom, Neff? We can use the following
properties to constrain Neff:

1. Energy density. Adding extra relativistic species increases the radiation energy density. This in turn delays the
matter-radiation equality (the epoch at which the total matter density and the total radiation density are equal),
increasing the height of the �rst acoustic peak. It also increases the expansion rate of the universe at the time of
photon decoupling via the Friedmann equation:

H2 =
8πG

3
(
ρm+ργ + ρ̃ν

)
. (2)

This effect enhances damping of power at l > 1000 seen in the right panel of Figure 1 [14, 15] (i.e., the power at
l > 1000 will damp more for a larger value of Neff).

2. Anisotropic stress. Relativistic particles which do not interact directly with other particles or themselves cannot
be described as a (perfect) �uid. As a result, the distribution function, f (x,p, t), of relativistic particles have a
non-negligible anisotropic stress, πi j, given by

πi j ≡
∫ d3p
(2π)3

p
(
p̂i p̂ j− 1

3
gi j

)
f (x,p, t), (3)

as well as higher-order moments. This then changes the metric perturbation via Einstein’s �eld equations. As a
result, the power spectrum of the cosmic microwave background is reduced almost equally at l > 200 [14, 16].

In Figure 2, we show how Neff = 7 changes the temperature power spectrum.
In 2009, we have used the WMAP 5-year data to detect the effect of the neutrino anisotropic stress for the �rst

time [17]. In 2011, we have combined the WMAP 7-year data with the BAO and H0 data to measure Neff = 4.3± 0.9
(68% CL) [4], which uses the matter-radiation equality epoch constraint and the anisotropic stress effects. However,
WMAP’s angular resolution is not quite suf�cient to detect a change in the damping tail of the power spectrum.

Recently, South Pole Telescope (SPT) and Atacama Cosmology Telescope (ACT), ground-based experiments which
are more sensitive to the power spectrum on smaller angular scales, have used all of the above three effects to tighten
the limit on Neff to Neff = 4.6± 0.8 (68% CL; ACT) [6] and Neff = 3.85± 0.62 (68% CL; SPT) [5].
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FIGURE 2. Effect of Neff = 7 on the temperature power spectrum of the cosmic microwave background (solid line). The dashed
line shows the standard case with Neff = 3.04. The �rst peak is enhanced due to a delayed matter-radiation equality epoch, whereas
the power at higher multipoles is suppressed more due to a larger anisotropic stress and a larger expansion rate of the universe at
the photon decoupling epoch. Note that the horizontal axis of the solid line has been multiplied by a factor of 0.895 so that both
lines have the same position of the third peak.

The forthcoming Planck data are expected to reach the 68% CL error bar of ΔNeff = 0.2; thus, it should be able to
detect Neff = 4 at the 5-σ level. It would then have profound implications for particle physics beyond the Standard
Model.

MASS OF NEUTRINOS

How about the mass of neutrinos? Among three neutrino mass eigenstates, the mass squared difference between the
mass eigenstates 1 and 2 has been determined as m2

2−m2
1 = (7.62±0.19)×10−5 eV2 (68% CL) [18]; thus, m1 <m2.

On the other hand, only the absolute value of the mass squared difference between the mass eigenstates 1 and 3 has
been measured, and thus we do not yet know whether m3 is greater or smaller than m1. As |m2

3−m2
1| � m2

2−m2
1, we

have two possibilities:

1. Normal hierarchy: m1 < m2 < m3
2. Inverted hierarchy: m3 < m1 < m2

For the normal hierarchy, the mass squared difference between the mass eigenstates 1 and 3 has been determined as
m2

3−m2
1 = (2.53+0.08

−0.10)×10−3 eV2 (68% CL), whereas for the inverted hierarchy,m2
3−m2

1=−(2.40+0.10
−0.07)×10−3 eV2

(68% CL) [18]. Therefore, for the minimal scenario in which the lightest mass eigenstate is massless, the sum of
neutrino masses is given by ∑i mi = 0.06 eV for the normal hierarchy and ∑i mi = 0.1 eV for the inverted hierarchy.
This level of neutrino mass is well within reach of cosmological experiments (especially the large-scale structure) [8].
If the minimum neutrino mass is greater than 0.1 eV, then the mass hierarchy is degenerate, i.e., m1 � m2 �m3.

How well can the cosmic microwave background constrain the mass of neutrinos? We do not expect massive
neutrinos to affect the the cosmic microwave background power spectrum very much (except through the gravitational
lensing effect), if they were still relativistic at the photon decoupling epoch. This means that, for massive neutrinos
to affect the the cosmic microwave background power spectrum, at least one of the neutrino masses must be greater
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FIGURE 3. Constraint on the total mass of neutrinos, ∑i mi. The larger contours are for the WMAP 7-year-only constraint, while
the smaller contours are for the WMAP 7-year combined with the constraint on H0 = 74.2± 3.6 km/s/Mpc (68% CL) from the
SHOES collaboration [3]. The inner and outer contours show the 68% CL and 95% CL regions, respectively.

than the mean energy of relativistic neutrinos per particle when the photon temperature of the universe was Tγ �
3000 K� 0.26 eV. Since the mean energy of relativistic neutrinos is given by 〈E〉= (7π4Tν)/(180ζ (3))� 3.15Tν =

3.15(4/11)1/3Tγ , we need at least one neutrino species whose mass satis�es mν > 3.15(4/11)1/3Tγ � 0.58 eV; thus,
it would not be possible to constrain the neutrino mass using the the cosmic microwave background data alone, if the
mass of the heaviest neutrino species is below this value.

If the neutrino mass eigenstates are degenerate with the effective number of species equal to 3.04, this argument
suggests that ∑mν ∼ 1.8 eV would be the limit to which the the cosmic microwave background data are sensitive.
Ichikawa et al. [19] argue that ∑mν ∼ 1.5 eV would be the limit for the the cosmic microwave background data alone,
which is fairly close to the value given above.

In order to go beyond∼ 1.5 eV, therefore, one needs to combine the the cosmic microwave background data with the
other cosmological probes. The constraint on H0 is especially useful for improving the limit compared to the WMAP-
only limit (see Figure 3). The WMAP 7-year data combined with the BAO and H0 have yielded ∑i mi < 0.58 eV
[4].

What information does H0 add to improve the limit on ∑i mi? This effect has been explained by Ichikawa et al. [19]
as follows.

The massive neutrinos modify the power spectrum by their changing the matter-to-radiation ratio at the decoupling
epoch. If the sum of degenerate neutrino masses is below 1.8 eV, the neutrinos were still relativistic at the decoupling
epoch. However, they are de�nitely non-relativistic at the present epoch, as the neutrino oscillation experiments have
shown that at least one neutrino species is heavier than 0.05 eV. This means that the Ωm that we measure must be
the sum of Ωb, Ωdm, and Ων ; however, at the decoupling epoch, neutrinos were still relativistic, and thus the matter
density at the decoupling epoch was actually smaller than a naive extrapolation from the present value.

As the matter-to-radiation ratio was smaller than one would naively expect, it would accelerate the decay of
gravitational potential around the decoupling epoch. This leads to an enhancement in the so-called early integrated
Sachs–Wolfe (ISW) effect. The larger ∑i mi is, the larger early ISW becomes, as long as the neutrinos were still
relativistic at the decoupling epoch, i.e., ∑i mi < 1.8 eV.

The large ISW causes the �rst peak position to shift to lower multipoles by adding power at l ∼ 200; however, this
shift can be absorbed by a reduction in the value of H0.2 This is why ∑i mi and H0 are anti-correlated.

2 This is similar to what happens to the curvature constraint from the WMAP data alone. A positive curvature model, Ωk < 0, shifts the acoustic
peaks to lower multipoles; however, this shift can be absorbed by a reduction in the value of H0. As a result, a closed universe with Ωk ∼−0.3 and

155 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.83.205.78 On: Mon, 02 Mar 2015 21:55:33



FIGURE 4. Two-dimensional joint marginalized constraint (68% and 95% CL) on the spectral index of the primordial power
spectrum, ns, and the tensor-to-scalar ratio, r, derived from the data combination of WMAP+BAO+H0. The symbols show the
predictions from “chaotic” in�ation models whose potential is given by V (φ) ∝ φα [21], with α = 4 (solid) and α = 2 (dashed) for
single-�eld models, and α = 2 for multi-axion �eld models with β = 1/2 (dotted; [22]). This �gure is adopted from [4].

PHYSICS OF INFLATION

In�ation is thought to have occurred at the energy scale of Grand Uni�cation (≈ 1016 GeV), and thus any constraints
on in�ation from cosmology are directly testing our understanding of physics at such high energies that the particle
colliders would never reach. There are three basic observables which are useful for distinguishing between various
in�ation models:

Scale-invariant power spectrum Quantum �uctuations during in�ation produce perturbations to the metric. Let
a perturbation to the trace-part of the space-space metric be R. One may write the space-space metric as
gi j = a2(t)e2R[eh]i j with det[eh]i j = 1 (hence Tr[h] = 0). Let us then de�ne the power spectrum of R as
〈RkRk′ 〉 = (2π)3δD(k+ k′)PR(k). (δD(x) is the Dirac delta function.) The “scale-invariant power spectrum”
is de�ned by

PR(k) ∝ k−3. (4)
In reality many in�ation models predict a nearly, but not exactly, scale-invariant spectrum. We usually parametrize
the power spectrum as

PR(k) ∝ kns−4, (5)
with ns ≈ 1. The current data suggest ns = 0.96± 0.01 (68% CL) [4, 5, 6].

Tensor-to-scalar ratio The presence of primordial gravitational waves, hi j (which is the transverse and traceless
part of the space-space metric from [eh]i j = 1+ hi j+O(h2)), is a robust prediction of in�ation models, as the
same mechanism that generated R should also generate primordial gravitational waves [23, 24]. The amplitude
of gravitational waves relative to that of R is model-dependent. Let us de�ne the power spectrum of the
gravitational wave, hi j, as 〈hi j,khi j,k′ 〉= (2π)3δD(k+k′)Ph(k). It is then customary to parametrize the amplitude
of gravitational waves using the so-called “tensor-to-scalar ratio,” r, de�ned by

r ≡ Ph(k0)
PR(k0)

, (6)

where k0 = 0.002 Mpc−1 is some reference wavenumber at which r is de�ned. We have not detected primordial
gravitational waves from in�ation yet, and the current upper bound is r < 0.24 (95% CL) [4]. In particular,

ΩΛ ∼ 0 is still a good �t, if Hubble’s constant is as low as H0 ∼ 30 km/s/Mpc [20].
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the ns− r space is useful for constraining various in�ation models, as different models make different, testable
predictions for a combination of these parameters. In Figure 4, we show the current constraint on the ns− r plane
along with some representative in�ation models. For example, a single-�eld in�ation model with a scalar-�eld
potential of V (φ) ∝ φ4 has been ruled out by the current data. This is remarkable — this shows that in�ation has
now become a testable science.

Gaussianity In�ation generates R as a quantum �uctuation. Single-�eld in�ation models usually predict that the
probability distribution of R is nearly a Gaussian distribution. To be more precise, the three-point function (called
the bispectrum):

〈Rk1Rk2Rk3〉= (2π)3δD(k1+k2+k3)BR(k1,k2,k3), (7)

vanishes for Gaussian �uctuations. (I.e., BR(k1,k2,k3) = 0 for a Gaussian R.) Therefore, any non-zero three-
point function is a signature of non-Gaussianity. Single-�eld in�ation models usually predict

6
5
fNL ≡ BR(k1,k2,k3)

PR(k1)PR(k2)+ (2 perm.)
 1. (8)

In general fNL de�ned in this way may depend on wavenumbers. The fNL that does not depend on wavenumbers is
often called the “local form.” It has been shown that the local-form fNL is related to ns via fNL =

5
12(1−ns)≈ 0.02

for all single-�eld models regardless of the details of models [25, 26, 27, 28, 29, 30, 31]. Therefore, a detection
of fNL � 1 would rule out all single-�eld in�ation models (except for some subtlety regarding the initial vacuum
state of quantum �uctuations: see [32, 33, 34]). As we have not detected the local-form fNL yet, the current data
are consistent with the prediction of single-�eld in�ation models. The current bound on fNL is fNL = 32± 21
(68% CL) [4]. The Planck data are expected to reduce the error bar by a factor of four, further testing single-�eld
in�ation models [35].
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