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The LiteBIRD satellite will map the temperature and polarization anisotropies over the
entire sky in 15 microwave frequency bands. These maps will be used to obtain a clean
measurement of the primordial temperature and polarization anisotropy of the cosmic
microwave background in the multipole range 2 < ¢ < 200. The LiteBIRD sensitivity
will be better than that of the ESA Planck satellite by at least an order of magnitude.
This document summarizes some of the most exciting new science results anticipated
from LiteBIRD. Under the conservatively defined “full success” criterion, LiteBIRD will
measure the tensor-to-scalar ratio parameter r with o(r = 0) < 1073, enabling either a
discovery of primordial gravitational waves from inflation, or possibly an upper bound on
r, which would rule out broad classes of inflationary models. Upon discovery, LiteBIRD
will distinguish between two competing origins of the gravitational waves; namely, the
quantum vacuum fluctuation in spacetime and additional matter fields during inflation.
We also describe how, under the “extra success” criterion using data external to Lite-
BIRD, an even better measure of r will be obtained, most notably through “delensing”
and improved subtraction of polarized synchrotron emission using data at lower frequen-
cies. LiteBIRD will also enable breakthrough discoveries in other areas of astrophysics.
We highlight the importance of measuring the reionization optical depth 7 at the cosmic
variance limit, because this parameter must be fixed in order to allow other probes to
measure absolute neutrino masses. Other science includes cosmic birefringence, mapping
the hot gas via the thermal Sunyaev-Zeldovich effect, anisotropic spectral distortions,
polarization tests of possible anomalies in the temperature data, and Galactic Science.

1. Introduction

The LiteBIRD spacecraft [1-3] is designed to measure the temperature and polarization
anisotropies of the cosmic microwave background (CMB) over the full sky in the multipole
range 2 < ¢ < 200. LiteBIRD will map the entire sky in 15 microwave frequency bands
from 34 to 448 GHz (with the band centers from 40 to 402 GHz). Such broad frequency
coverage is indispensable for removing Galactic foreground emission at the level required
to achieve LiteBIRD’s ambitious science objectives. Figure 1 shows the present state-of-the
art for measurements of the CMB temperature and polarization anisotropy power spectra.
LiteBIRD will measure all these spectra, providing much improved measurements of the E-
and B-mode polarization in the range 2 < ¢ < 200.

LiteBIRD was proposed to JAXA as a Strategic Large Mission in February 2015 and is
currently undergoing a JAXA Phase Al study. The baseline design consists of two telescopes
[4]: a Low Frequency Telescope (LFT) and a High Frequency Telescope (HFT). Each tele-
scope will use a rotating half-wave plate (HWP) polarization modulator as the first element
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Fig. 1 CMB power spectra of the temperature anisotropy (top), E-mode polarization
(middle), and B-mode polarization (bottom). The dashed lines show the best-fitting model
for the scalar (density) perturbation, whereas the thin solid line at the bottom shows the
prediction of a scale-invariant tensor (gravitational wave) perturbation with a tensor-to-
scalar ratio parameter of r = 0.05, which is close to the current upper bound. The thick
solid line shows the sum of two contributions to the B-mode polarizatiaon power spectrum:
gravitational lensing (dashed line) and gravitational waves (thin solid line).

of its optical chain. Their focal planes [5, 6] will be cooled to 0.1 K and will be filled with
several thousand transition edge sensor (TES) bolometers. Each pixel contains a broadband
sinuous antenna coupled to the sky by a lenslet and measures several frequency bands simul-
taneously using a multi-chroic technology. LiteBIRD will operate at the Sun-Earth Lagrange
2 (L2) point.

2/27



The full sky maps in 15 microwave bands will offer rich new data sets, which will enable
exciting breakthroughs in a variety of science areas. In this document we shall describe
new science involving: primordial gravitational waves from inflation (Sect. 2); the reioniza-
tion of the Universe (Sect. 3); cosmic birefringence (Sect. 4); the hot gas in the Universe
probed using the Sunyaev-Zeldovich effect (SZE; Sect. 5); spatially varying deviations from
a perfect Planck blackbody CMB spectrum (Sect.6); tests with polarization of the so-called
“anomalies” in the temperature data (Sect. 7); and Galactic science (Sect. 8).

Unlike LiteBIRD, the Planck satellite was not originally designed to measure polarization.
As a consequence, the noise and systematic uncertainties in the polarization measurement are
much greater than simplistic forecasts assuming only white noise would predict, especially
at low £. This explains why neither the Planck 2013 release nor the Planck 2015 release of
cosmological results showed the polarization power spectrum for £ < 30. Some partial results
(in particular those pertaining to the reionization optical depth 7) were contained in the 2016
paper [7]). The final Planck 2018 release now contains the full Planck polarization results
[8]. While Planck was not optimized for polarization, LiteBIRD uses a scanning pattern with
near ideal cross-linking properties that serve to cancel systematic errors and optimize map
making. Moreover, the presence of a rotating HWP allows for map making that does not rely
on differencing measurements between different detectors, so that the map noise properties
are close to the white noise limit. In short, LiteBIRD is optimized for polarization.

2. Primary science target: Primordial gravitational waves from inflation
2.1.  B-mode power spectrum

The remarkable insight gained from cosmological research is that all cosmic structures,
such as galaxies, stars, planets, and eventually us, probably originated from tiny quantum
fluctuations in the early Universe. The wavelength of these initially microscopic quantum
fluctuations was stretched by a quasi-exponential expansion known as “Cosmic Inflation”
[9-14] by a factor of at least 1026 to macroscopic scales.! These quantum fluctuations served
as the seeds of structure formation in the Universe [15-19]. Models of inflation based on a
slowly rolling single scalar field predict a statistically homogeneous and isotropic, adiabatic,
nearly Gaussian, and nearly scale-invariant spectrum of scalar curvature perturbations. All
these predictions, including the deviation from an exactly scale invariant spectrum, have been
confirmed by CMB data from the Wilkinson Microwave Anisotropy Probe (WMAP) [20], the
Planck mission [21], and various ground-based observations [22-25]. Here “scale invariant
spectrum” means that the variance of the perturbation is independent of wavelength A.
When the variance scales as A~ a scale invariant spectrum corresponds to n, = 1.
These results provide strong evidence for inflation and for the quantum mechanical origin
of cosmic structure. However, extraordinary claims require extraordinary evidence. Definitive
evidence for inflation would come from the discovery of a stochastic background of gravita-
tional waves [26—28]. Due to the inflationary expansion, the wavelength of these gravitational

I This estimate assumes that V1/* ~ 106 GeV with a reheating temperature of order Try ~
10'6 GeV, and if the scale of inflation is lower or reheating is at a lower temperature, this value can
be lowered.
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waves has been stretched to gigantic scales, e.g., billions of light years.? Such long wavelength
gravitational waves cannot be generated by astrophysical sources such as binary black holes
or neutron star mergers. These gravitational waves are a remarkable and unique prediction
of inflation. Their detection would provide strong independent evidence for inflation, which
some would argue would constitute the definitive confirmation of it.

Gravitational waves generate temperature anisotropies [29] as well as polarization
anisotropies of the CMB [30, 31]. We can distinguish polarization generated by gravitational
waves from those arising from sound waves (in this context also known as scalar perturba-
tions) by comparing the symmetry of polarization patterns generated by these two sources.
Sound waves generate only one type of polarization anisotropy (the E-mode), whereas grav-
itational waves generate both E-mode and B-mode polarization anisotropies [32, 33]. The
middle dashed line in Fig. 1 shows the power spectrum of the E-mode polarization from
sound waves, whereas the thin solid line in the bottom of the figure shows the B-mode
polarization from primordial gravitational waves with r = 0.05, where r is the parameter
that characterizes the amplitude of the gravitational waves and is called the “tensor-to-
scalar ratio” parameter. This value is close to the current upper bound [34] of r < 0.06 (95
% C.L.). Throughout this document, we shall quote the tensor-to-scalar ratio and the tilt of
the scalar power spectrum ng at the wavenumber of 0.05 Mpc~1.

LiteBIRD aims to detect and characterize the B-mode signal from gravitational waves by
measuring the B-mode power spectrum over the multipole range 2 < ¢ < 200 (see Fig. 2).
In particular LiteBIRD will be the only experiment likely able to access the predicted “re-
ionization bump” in the B-mode power spectrum at ¢ < 10, because measuring such low
multipoles requires nearly full sky coverage and an exceedingly stable instrument to avoid

systematic errors on large angular scales—in other words, a space mission.

2.2.  Full success

A quantitative goal for the full success of LiteBIRD is to achieve a 68% CL uncertainty
on the tensor-to-scalar ratio parameter of o(r = 0) < 1073, Here o(r = 0) denotes the total
uncertainty, including both statistical and systematic uncertainties when the true sky signal
has no primordial gravitational waves, i.e., 7y e = 0. This error budget includes foreground
subtraction residuals.
Many inflationary models predict » > 0.01 [35]. In this case, LiteBIRD will be able to detect
a signal at more than 10c significance. The impact of such a discovery will be enormous. It
would constitute direct evidence for cosmic inflation and would shed light on Grand Unified
Theory (GUT) scale physics through the following relation between the inflaton potental V'
and the tensor-to-scalar ratio parameter r
1/4 16 T4
VU4 = (1.04 x 10 GeV)x<6BI) .
If the gravitational waves arise from the vacuum fluctuation in spacetime during inflation
(see Sect. 2.4 for the other possible mechanisms), their detection will (arguably) mean the

2 The standard prediction of single-field slow-roll inflation is a nearly scale-invariant spectrum of
primordial gravitational waves (i.e., nearly equal amplitudes of gravitational waves at all scales from
small to large). In this document we shall focus only on the gravitational waves accessible to the
CMB observations, whose wavelength is of order billions of light years.
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Fig. 2 B-mode power spectra from primordial gravitational waves (purple lines) and
gravitational lensing (orange line), and the expected constraints from LiteBIRD (error bars).
The top to bottom lines show r = 0.01, 0.003, and 0.001. The solid lines show the sums of
the purple and orange lines. The error bars include instrumental noise, foreground residuals,
and cosmic variance due to the primordial gravitational waves and gravitational lensing. No

delensing has been performed.

first observation of quantum fluctuations of spacetime itself. If r is fairly large, this would
establish a variation in the inflation field large compared to the Planck scale (i.e., so-called
“large-field” inflation) [36]. This result would significantly constrain theories of quantum
gravity such as superstring theories. We will be able to narrow down the region in the r vs.
ns plane of inflationary models allowed by the data (see the left panel of Fig. 3). If we do
not detect a signal, LiteBIRD will set an upper limit of » < 0.002 at 95% C.L.

What would be the implication of such an upper bound? To answer this question, we focus
on models with a small number of parameters. This is based on the Occam’s razor principle.
In the history of physics, among many competing possibilities, the simplest and most elegant
model has almost always won out. This experience supports using Occam’s razor as a guide.
In our case, single-field slow-roll models are our targets. We can then use the following Lyth
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Fig. 3  (Left) Joint marginalized 68% and 95% CL constraints on the primordial tilt ng
and the tensor-to-scalar ratio r from LiteBIRD. The gray contours show the current limits.
The top blue contours show the LiteBIRD constraints when the underlying inflationary
model is a Starobinsky R?-like model [9] with riue = 0.004, whereas the bottom contours
show those for 7r¢4e = 0. The yellow band shows the predictions of the a-attractor class of
inflationary models [37] for « > 1/3. The Starobinsky model corresponds to a = 1. (Right)
Extra success (improved constraints on r) obtained by performing delensing with Planck
CIB+WISE data (which already exists, denoted by the red lines), and with CIB+WISE
combined with high-resolution ground-based CMB data at 3uK-arcmin, for example as from
CMB Stage 4 (green lines). No delensing case is shown by the blue lines, which is the same
as the contours in the left panel.

relation [36, 38|

2 2
roo0 (F)(52)
N mpl

where N is the number of e-foldings, A¢ is the variation of the inflaton field during inflation,
and my,; is the reduced Planck mass. As long as this relation holds, we may conclude that
LiteBIRD can rule out models with a large field variation, which are well-motivated phe-
nomenologically. Note that the Lyth relation mentioned above is not an exact equation and
there are models that violate the above relation even under the Occam’s razor principle [39).
Model-dependent studies [39, 40], however, arrive at the same conclusion when we redefine
A¢ as the characteristic scale of the inflaton field, which is defined as a range in which the
inflaton potential changes in a significant way. See, for example, the detailed discussion is
Section 2.5 of the CMB S4 Science Book [40], where a number of parametric models are
analyzed as well as the references therein.

Consequently, LiteBIRD, with its o(r = 0) < 1073 or better sensitivity over 2 < ¢ < 200,
would provide a fairly definitive statement about validity of the most important class of
inflationary models, namely single-field slow-roll models with A¢ exceeding the Planck scale.
Such a determination would constitute a milestone in cosmology.

Initially, when large-field inflationary models, which include m2$?, A¢*, or more generally
Vo~ Mgl(gb/Mpl)”, to give just a few examples, were in vogue, the expectation was that r
would turn out to be relatively large. It was then believed that the detection of primordial
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gravitational waves from inflation might lie just around the corner. But WMAP ruled out
A¢* inflation at better than 99% confidence [41], a result confirmed and strengthened by
Planck. The Planck data and combined with the BICEP2/Keck Array data have ruled out ¢*
inflation at approximately 7.50 [21]. The Planck 2018 data combined with the BICEP2/Keck
Array B-mode likelihood [42] suggest a preference for models with a concave downward
or plateau-like potential [43]. This conclusion, however, is presently only a hint. Better
experiments are needed to clarify the situation.

This tendency has inspired theorists to investigate how to motivate plateau-like potentials,
both in the framework of effective field theory, and more ambitiously in the framework of
string model building. An a-attractor family of models [37, 44-46] has been proposed in
which a divergence in the Kahler potential yields a plateau whose shape is generic owing to
the fact that the divergence in the Kéhler metric blows up a minute part of the potential
[47]. In these models inflation ends abruptly, in what figuratively might be described as
a waterfall. This family is parameterized by «, where the o — oo limit connects with ¢?
inflation. Current work focuses on obtaining potentials of this sort within the framework of
string model building (see for example [48] and references therein), and it is generally agreed
that obtaining a small « is harder to achieve. This is, however, very much a current research
topic, and at present definitive conclusions are lacking.

Other interesting models giving low values of r include the Starobinsky model [9], which
interestingly was the first concrete model of inflation ever proposed, and Higgs inflation [49],
where a non-minimal coupling to gravity flattens the potential at large field values [50]. For
example, the Starobinsky model predicts r = 12/N? = 0.004 (with N = 55), which can be
ruled out with more than a 3o significance by LiteBIRD. These models are not exhaustive but
simply serve to illustrate the present theoretical situation, which is developing. Interesting
work has been carried out trying to elucidate the implications of the string landscape on the
expectations for r. (See for example, Ref. [51] and references therein).

Perhaps the most important conclusion is that determining r observationally will have
a tremendous impact by helping us understand how gravity unifies with the other three
fundamental interactions, be it through string theory or through some other alternative
theory of quantum gravity. Following on the success of the Standard Electroweak Model,
whose correctness became more or less established in the early 1980s, this unification with
gravity, presumably at around the Planck scale, has become the overarching goal of research
in high energy theoretical physics.

Primordial gravitational waves are not the only source of B-mode polarization. Gravita-
tional lensing of E-mode polarization generates B-mode polarization [52], which is shown as
the bottom dashed line in Fig. 1. (The thick solid line shows the sum of the bottom thin
solid and dashed lines.) While this signal offers a powerful probe of the growth of cosmic
structure in a late time Universe, it also acts as “noise” for measurements of the primor-
dial B-mode polarization. One can remove this signal (or “delens” [53, 54]) by measuring
the matter distribution in the Universe, calculating the expected distortion in polarization
maps, and removing the distortion from the maps. While delensing promises to reduce the
statistical uncertainty in r, we do not use delensing information in defining the LiteBIRD
criterion for the full success.
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Polarized emission from our Galaxy (mostly synchrotron and thermal dust emission) and
extra-galactic sources also generates B-mode polarization (e.g., [55]). We remove this “fore-
ground emission” using the multi-frequency data of the LiteBIRD and by masking pixels
at the locations of bright extra-galactic sources. The full success criterion includes the
uncertainties induced by the foreground cleaning procedure.

2.8.  FExtra success

The full success criterion has been defined conservatively and does not rely on data external
to LiteBIRD. Moreover, o(r = 0) has been calculated including residuals from incomplete
foreground removal. However, using external data, particularly in frequency bands below
LiteBIRD’s lowest frequency band (at 34 GHz), will lead to smaller foreground residuals.
External low-frequency ground-based data sets such as QUIJOTE [56, 57], C-BASS [58] and
S-PASS [59] at frequency bands outside the LiteBIRD bands (v < 34 GHz) would be useful
for potentially improved foreground cleaning and thus may contribute to “extra success.”

Another way to reduce o(r = 0) is to “delens” using external data. Delensing removes the
lensing B-modes by subtraction at the map level, thus reducing the lensing B-mode cosmic
variance contribution described above rather than simply characterizing its power spectrum.
Successful delensing using internal CMB data requires a higher angular resolution than that
of LiteBIRD, because a low noise lensing reconstruction requires the imaging of a large
number of small-scale modes.

However, there are several promising ways to delens LiteBIRD with external data and
thus contribute to the extra success. Lensing measurements derived from ground-based CMB
surveys, such as the CMB Stage 4 (CMB-S4) experiment and its precursors, can be used to
substantially delens the LiteBIRD maps, reducing o(r) by 80% [corresponding to fieiens =
0.1] for CMB-S4. A less ambitious option would be to use Planck maps of the infrared
background, along with the current Planck lensing and WISE data, to delens. Although this
would give only a 45% reduction of o(r), corresponding to fieiens = 0.57, the data for such
an analysis is already available. See the right panel of Fig. 3 for the expected improvements
on the constraints in n-r space due to delensing.

Combining delensing and improved foreground cleaning with external data, it is reasonable
to assume that we achieve o(r = 0) < 0.0005. In this case, we would be able to detect
primordial gravitational waves with a significance of greater than 6o if the Starobinsky
model is correct.

2.4. Beyond the B-mode power spectrum

Single-field slow-roll inflation predicts that the stochastic background of gravitational waves
originated from quantum fluctuations in spacetime generated during inflation. When we
write the spatial metric (squared distance between two points in space) as

ds% = a? (t) Z(éij + hij)dxidxj ,

v

and impose the transverse traceless condition on h;j;, the matrix h;; describes the “tensor”
perturbations of the spatial metric. [a(t) is the scale factor describing the expansion of the
Universe, which grows exponentially in time during inflation.] When the wavelength of hj;
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is much smaller than the Hubble horizon size of the Universe, these metric perturbations
propagate as gravitational waves.

Within the context of single-field slow-roll inflation, h;; obeys the vacuum equation [lh;; =
0. By quantizing this equation, we can show that a stochastic background of long-wavelength
fluctuations of h;; emerges with the following statistical properties:

1. A nearly scale invariant power spectrum (i.e., the tilt of the tensor power spectrum
satisfies ny = —r/8).

2. A nearly Gaussian probability distribution.

3. A parity-conserving probability distribution.

Detecting violation of any of these properties would point to new physics beyond the simplest
minimal model. The first condition can be tested by reconstructing the power spectrum of h;;
from the B-mode power spectrum [60], the second by the three-point function (bispectrum)
of h;j [61-63], and the third by parity-violating correlation functions such as the cross-
correlation between the temperature and the B-mode polarization and that between the E-
and B-mode polarizations [64].

These conditions can be violated when other fields are present during inflation. They
provide an additional source of gravitational waves: Uh;; = —167Gm;;, where m;; is the
tensor component of the stress-energy tensor of the other fields. These fields must have
sub-dominant energy density compared to the main scalar field driving inflation (inflaton).
However, they can still contribute an energy density sufficient to produce a gravitational
wave with an amplitude large enough to be detected by LiteBIRD.

What are these fields? They could be scalar fields [65-68], a U(1) gauge field [69-73],
or a non-Abelian SU(2) gauge field [74-79]. All these sources can produce strongly scale-
dependent gravitational waves that are highly non-Gaussian, while the latter two sources can
produce parity-violating gravitational waves. Thus all the above conditions can be violated.
If the gravitational waves sourced by the right-hand side of the wave equation dominate over
those from the left-hand side (i.e., the vacuum fluctuation in the spatial metric), detecting
a B-mode polarization from primordial gravitational waves does not imply the discovery of
the quantum nature of space. (But such a discovery would still provide definitive evidence
for inflation because we need inflation to stretch the wavelength of gravitational waves to
billions of light years.)

An example of a U(1) gauge field is the primordial magnetic field, which can source tensor
perturbations that are non-scale-invariant, non-Gaussian, and parity-violating. Magnetic
fields can also induce a spatially-dependent rotation of polarization angles of the CMB by
means of Faraday rotation (e.g., [80]). The effect can be detected using multi-frequency data
because the Faraday rotation angle is proportional to v 2.

It is of the utmost importance to confirm the above three properties of h;; using the Lite-
BIRD data before claiming discovery of the quantum nature of spacetime. If we discovered
violation of any of the above properties from LiteBIRD, it would have profound implications
on our understanding of the new physics at play during inflation.

3. Optical depth and reionization of the Universe

Th hydrogen atoms in the intergalactic medium are fully ionized in the recent Universe
(for z < 6). We have multiple evidence for this fact from the lack of saturated hydrogen
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Fig. 4 (Left) E-mode power spectrum with the optical depths of 7 = 0.089 (WMAP 9-year
[86]; dotted), 0.066 (Planck 2015 with LFT polarization and CMB lensing [87]; solid), and
0.055 (Planck with HFI polarization [88]; dashed). We vary the primordial scalar curvature
amplitude such that the product Agexp(—27) is fixed. The green boxes show the expected
LiteBIRD constraints at £ = 2 — 200, binned with A¢ = 3. (Right) Optical depths predicted
from various models of the number counts of star forming galaxies, as a function of the
maximum redshift z (re-adapted from [89]). The green band shows the expected LiteBIRD
68% and 95% CL constraints on 7. The other bands show the WMAP and Planck constraints.

absorption lines in spectra of quasars and gamma ray bursts (Gunn-Peterson test) [81-85].
Given that the Universe became almost completely neutral after hydrogen recombination
(at z & 1000), the Universe must have “reionized” during some intermediate epoch.

While astrophysics of reionization is not well understood, there are several ways to observe
this epoch: the number counts of star-forming galaxies and quasars at z > 6, which were pre-
sumably producing ionizing photons [89]; redshifted 21-cm lines from hydrogen atoms before
the completion of reionization [90]; Doppler shifts of CMB photons by the bulk motion of
ionized gas [91] (called the kinetic Sunyaev-Zeldovich effect [92]); and finally, the polariza-
tion of the CMB produced by electrons scattering quadrupole temperature anisotropies in a
reionized Universe [93].

Electrons in a reionized Universe see the quadrupole temperature anisotropy from their
own last scattering surface due to the polarization dependence of Thomson scattering. Con-
sequently, these anisotropies scattered by electrons in turn produce a polarization of the
CMB, which we can observe today [94]. The amplitude of the polarization is proportional to
the optical depth to electron scattering 7. The wavenumber of the fluctuations contributing
to quadrupole temperature anisotropy as seen by an electron at a redshift z is given by
k =~ 3/[rp — r(z)] where r;, = 14 Gpc is the comoving distance to our last-scattering surface,
and r(z) is the comoving distance to the redshift z. For example, a redshift of z = 7.7 gives
r(7.7) = 9.1 Gpc. We observe this wavenumber at a multipole of ¢ ~ kr(7.7) ~ 6, which cor-
responds to the so-called “reionization bump” in the polarization power spectra. The effect
on the E-mode is shown in the left panel of Fig. 4.
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The height of the reionization bump is proportional to 72 A, where A, is the amplitude of
the scalar curvature power spectrum. On the other hand, scattering washes out small-scale
power by exp(—27); thus, for a given high-¢ power spectrum, the height of the reionization
bump scales as 72 exp(27) ~ 72(1 + 27). We can use this to determine the value of 7, which
in turn provides an integrated constraint on the reionization history of the Universe because
7 = o N, where the column density of electrons is given by N. = ¢ [ dt n. integrated from
today to the beginning of reionization. This number can be compared with the expected
number of electrons from ionization by star-forming galaxies and quasars (see the right
panel of Fig. 4).

Measuring the reionization optical depth precisely is challenging because of the foreground
contamination that must be accurately removed and moreover because of systematic uncer-
tainties, which are most problematic on very large angular scales where most of the statistical
information concerning 7 is situated. The value of 7 evolved from the value of 7 = 0'177418:8575
from the WMAP first-year analysis [95] using the TE cross-relation power spectrum at low-¢
to the final combined polarization and temperature observations from the WMAP 9-year
observations gave 7 = 0.089 4+ 0.014 [86]. The Planck 2013 Planck release [96] did not use
the EE data to constrain 7 because of difficulties in understanding and removing systematic
errors, although the Planck 2015 release did give a value of 7 based on the low-¢ LFT 70
GHz polarization map giving 7 = 0.067 + 0.023 and 7 = 0.078 £ 0.019 when combined with
data at higher ¢ [45]. However, in this Planck 2015 analysis the more sensitive HFI maps
at 100 and 143 GHz were not used. In the final, Planck 2018 analysis [8], including all the
frequencies a value of 7 = 0.054 + 0.007 is cited. All the above values are at 68% C.L. It is,
however, difficult to assess the reliability of this determination as the Planck 2018 Likelihood
paper has not yet been released. Weiland et al. [97], for example, argue that 7 = 0.07 £ 0.02
represents a more conservative estimate of the current state-of-the-art of our knowledge of
7. It seems likely that the current measurements may not be the last word on this important
parameter.

LiteBIRD will provide a cosmic variance limited determination of 7 (i.e., the smallest
possible error bar limited only by the fraction of sky available for the cosmological analysis
fsky). For the fiducial value of 7 =0.06 and the sky fraction of fg, = 0.7, the expected
68% CL cosmic variance on 7 is 0.002 [98], which is 6 times better than 2016 error bars
[88] and 3.5 times better compared to the latest claim [99]. Not only is this a significant
improvement over the current measurement, but it will also be the definitive and accurate
measurement of 7. The report from the External International Science Review for LiteBIRD
states: “A cosmic variance limited measurement of EE on large angular scales will be an
important, and guaranteed, legacy for Lite BIRD.”

One important motivation to determine 7 more accurately is the quest to determine the
sum of the neutrino masses [101, 102], in particular in order to distinguish the inverted
neutrino mass hierarchy (i.e., two heavy, one light) from the normal hierarchy. Massive
neutrinos slow down structure formation [103]. Consequently, we can measure the neutrino
mass by comparing the amplitude of fluctuations in the low redshift Universe with that at
the last scattering surface (i.e., As). However, we cannot determine Ag unless we know 7.
Thus, improved 7 from LiteBIRD will play a major role in measuring the neutrino mass. For
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Fig. 5 Two-dimensional marginalized contour levels at 68% C.L. for the optical depth
to reionization and the sum of the neutrino masses as measured by future combinations of
CMB and large-scale structure data (for example including BAO from DESI or galaxy lensing
and clustering from LSST). The contours are centered on the fiducial values 7 = 0.054 and
> > m, = 60 meV as indicated by the cross. A cosmic variance limited measurement of 7 is
reached with LiteBIRD [i.e., o(7) = 0.002]. This 7 limit will enable a better neutrino mass
measurement, reaching a 5o detection when combined with DESI or LSST. The shaded gray
region shows the ) m, 1-dimensional marginalized area to be excluded around the fiducial
model in order to achieve a detection of significance greater than 3o, thus highlighting the
importance of including LiteBIRD data in the analysis. [Figure adapted from Ref. [100].]

example, LiteBIRD’s 7 measurement would reduce the uncertainty in the neutrino mass by
more than a factor of two (see the Appendix of [102]).

This new measurement of the optical depth, when combined with CMB lensing data from
the future CMB-S4 experiment and data from large scale structure surveys tracing the
matter distribution (for example, the baryon acoustic oscillation (BAO) data from the DESI
galaxy survey [104] or galaxy lensing/clustering data from the LSST survey [105]), will also
enable a > 30 cosmological detection of the sum of neutrino masses, even for the minimum,
60 meV sum of masses [106]. Figure 5 shows that a cosmic variance limited measurement
of 7 from LiteBIRD will be necessary to reach a significant detection of the neutrino mass
from cosmological data.

To complete the picture on the neutrino sector, the expected error bar on the effective
number of relativistic species, Neg, from LiteBIRD alone is of the same order of magnitude
as the one obtained by Planck [107]. Still, it would give an independent measurement, and
an important cross-check, as it has been shown for instance in [108] that the Neg value
depends on the modelling of the foregrounds in the high-¢ Planck likelihoods. More accurate
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value of Neg would also help constrain the energy density of the stochastic gravitational
wave background Qgw [109], as the gravitational waves behave as radiation.

Beyond a cosmic variance limited measurement of the optical depth, the E-mode measure-
ments by LiteBIRD constrain the precise reionization history [110]. In particular, the “dip”
in the E-mode power spectrum at ¢ ~ 20 in Fig. 4 can distinguish between instantaneous
reionization at a redshift of z,ejon and a reionization history extending to z > zyejon. A recent
analysis [111] shows that an extended reionization history out to z 2 10 may be preferred
by the Planck data at the 95% CL. The LiteBIRD data can provide a definitive test of
this extended reionization history [112-114]. The discussion above supposes homogeneous
reionization; however, reionization is in fact expected to be patchy and LiteBIRD will be
able to characterize this patchiness [115].

4. Cosmic birefringence

If the new physics that generated the initial scalar (curvature) and tensor (gravitational
wave) fluctuations does not violate parity (or spatial inversion) symmetry and the CMB
photons do not experience any parity-violating processes as they propagate to us today,
any parity-violating correlation functions such as the temperature-B-mode correlation (TB
correlation) and the EB correlation must vanish. This is because under spatial inversion, the
spherical harmonic coefficients transform as follows:

agm - +(_1)éagma

aeim - +(_1)ia€gma
A — _(_1) Ao - (1)

Consequently, the expectation value of any parity odd observable, such as the TB or EB
correlations, must vanish if the underlying physics is parity conserving. If the underlying
physics violates parity, these correlation functions can and generically do have non-vanishing
expectation values.

We discussed the TB and EB correlations induced by parity-violating gravitational waves
from gauge fields in Sect. 2.4. (Also see ref. [116] for a different mechanism to produce
parity-violating gravitational waves.) In this section we describe an effect known as “cosmic
birefringence” [117, 118]. The basic idea is that a new parity-violating coupling of a scalar
field to the electromagnetic tensor rotates the direction of the polarization as the CMB
photons propagate through space. In other words, space filled with this scalar field behaves
as if it were a birefringent medium, hence the name “cosmic birefringence.” See ref. [119, 120]
for a summary of the current constraints on birefrigence.

A homogeneous scalar field coupled to the electromagnetic field via the Chern-Simons term
rotates the polarization direction uniformly over the sky by an angle Ac, converting E-mode
polarization into B-mode polarization. We would therefore observe a B-mode polarization
even if initially there were no B-mode polarization. The measured power spectra CZXY’Obs
are related to the intrinsic spectra according to (see [121])

C;‘FE’ObS = C’EE cos(2Aa),
C’eTB’ObS = C’EE sin(2Aa«),
CfE’ObS = C’fE cos2(2Aa),
C’fB’ObS = C’EEE sin2(2Aa),
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1
CfB’ObS = iC'@EE sin(4Aaq),
and for Ao < 1 this becomes

CZB,obs _ (2Aa) CKTE,

CEB,obs _ (QACE) CZEE’
CPP = (280)*CFE.

Unfortunately, this effect is completely degenerate with an instrumental miscalibration of
polarization angles by A«. Since such miscalibration generates a spurious B-mode power

C’fB’ObS = (2Aa)?CEP | we must calibrate the angles with a precision sufficient

spectrum of
to achieve o(r = 0) < 1073, However, there are no strong polarized astrophysical sources
in the sky with precisely known polarization angles. Consequently, the calibration must
rely on the measurements on the ground, which limits the accuracy of calibration to a bit
better than 1 degree, which is much larger than the requirement of order 0.05 degree. One
could also consider launching a small satellite carrying a polarized light source to the L2 for
the calibration purpose. How well this strategy works in practice is still under study. As a
result, the option of using the TB and EB correlations (assumed to vanish) to calibrate the
instrumental polarization angles [122] constitutes the present baseline. This method works
because we have an accurate knowledge of the cosmological TE and EE power spectra from
sound waves, and it is straightforward to fit to the TB and EB power spectra to solve for
Aq with arcmin precision.

While this “self-calibration” procedure eliminates LiteBIRD’s sensitivity to uniform rota-
tion caused by a scalar field, we can still look for an anisotropy in A« [123, 124]. This
introduces correlations between T and B and between E and B at different multipoles, [i.e.,
(al ol ) and (af al} )], in a manner similar to gravitational lensing [125, 126]. This prop-
erty makes it possible to create a map of A« in each LiteBIRD pixel. This map will be useful
not only for probing new parity-violating physics, but also for characterizing instrumental
systematics.

The primordial magnetic field also generates spatially-varying A« via the Faraday rotation,
which has been constrained by the ground-based experiments [127, 128]. LiteBIRD can
improve the limit on the amplitude of a nearly scale-invariant primordial magnetic field by
an order of magnitude [80].

On the other hand, TB and EB correlations from parity-violating gravitational waves can
easily be distinguished from angle miscalibration because the shape of TB and EB power
spectra from gravitational waves is different from that arising from rotation of the scalar
perturbations [64] (see Fig. 6).

5. Mapping the hot gas in the Universe

Electrons in the hot ionized gas transfer their energy to CMB photons by inverse Compton
scattering, leading to a characteristic distortion of the blackbody spectrum of the CMB (see
Fig. 7). This phenomenon is known as the thermal SZE [129, 130] and has been routinely
detected toward the directions of galaxy clusters [131-134]. The amplitude of the thermal

9

SZE is given by the so-called “Compton y parameter,” which is given by 7kgT./m.c? where

7 is the optical depth and T, and m, are the electron temperature and mass, respectively.
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Fig. 6 B-mode power spectra (left) and TB (middle) and EB (right) power spectra from
gauge fields during inflation [64]. The lines with different colors show BB, TB, and EB
spectra with various combinations of the model parameters. The black solid line in the left
panel shows the LiteBIRD noise power spectrum with 2% residual foreground contamination,
while the dotted line shows the lensing B-mode power spectrum. The dash-dotted line shows
the B-mode power spectrum from a scale-invariant gravitational wave with a tensor-to-scalar
ratio parameter of r = 0.07. The black line in the middle panel shows the TB power spectrum
from instrumental miscalibration of polarization angles by one arcminute. Similarly, in the
right panel the miscalibration would show up as the E-mode power spectrum in figure 1
times 2Acq, which can be distinguished easily from the signals shown here.

Using the so-called Needlet Internal Linear Combination (NILC) [135, 136], we can recon-
struct an all-sky map of thermal SZE and its angular power spectrum with minimum residual
foreground contamination [137]. Applying the same component separation algorithm that
was used on the Planck data to the LiteBIRD simulations, we find that while the Planck
SZE map still contains contamination from various foreground sources due to the limited
number of frequency bands, LiteBIRD can faithfully reconstruct the tSZ map at £ > 10. See
Fig. 8 for the power spectrum of the reconstructed SZE map from the simulation.

Exploiting the 15 LiteBIRD frequency bands will yield a much improved, high-fidelity SZE
map over the full sky at £ < 200 essentially free of contamination. This full sky map will
show in projection all hot gas in the Universe and will have a lasting impact on astrophysics
as legacy data from LiteBIRD. An important application of this full sky thermal SZE map
will be to cross-correlate with a full sky three-dimensional catalogue of galaxies, as discussed
in [138].
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Fig. 7 Spectrum of the thermal SZE (solid line). The shape of the spectrum is universal
in the limit of kpT,/mec? < 1 while its amplitude depends on the Compton y parameter.
We use y =5 x 1076, The color bars show the sensitivity of the 15 partially overlapping
bands of the LiteBIRD detectors in units of kJy str~!. For clarity we show half of bands as
positive and the other half as negative values, but only their absolute values are meaningful.

Figure 7 shows the SZE spectrum in the non-relativistic limit (where kgT,/m.c? < 1). Its
shape is universal and depends only on the mean CMB temperature. However, small rela-
tivistic corrections to this shape are proportional to kgT./mecc?. Detecting this relativistic
correction averaged over a full sky SZE map can yield the mean gas temperature of the
Universe, providing an “integral constraint” on physics of the intergalactic medium [139]
and stringent and robust constraints on the energy feedback from supernovae and active
galactic nuclei (AGNs).

6. Anisotropic CMB spectral distortions

Although LiteBIRD is not sensitive to the uniform (monopole) component of spectral distor-
tion (compared to a perfect Planck blackbody CMB spectrum), LiteBIRD is very sensitive
to the spatially varying component of the spectral distortion. The thermal SZE described in
Sect. 5 is an example of such a spectral distortion and can be used to map the distribution
of hot gas in the Universe.

Early on, when the temperature of the Universe exceeded five million K (or z > 2 x 10° in
terms of redshift), double Compton scattering (which changes the total photon number) was
efficient in relaxing photon spectrum to a Planck spectrum with vanishing chemical poten-
tial, even if extra energy was injected into the plasma [140, 141]. If however energy is injected
between 5 x 10* < z < 2 x 105, double Compton scattering is no longer fast enough to relax
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Fig. 8 Reconstructed power spectrum of the thermal SZE from the LiteBIRD simulation
(red line), compared with the input one (black line). Both agree well except at £ < 10, which
still shows the residuals of the Galactic emission; however, such low multipoles suffer from
large non-Gaussian cosmic variance error bars. The noise power spectrum of LiteBIRD (black
dashed line) is much lower than that of Planck (green dotted line), showing substantially
improved sensitivity and fidelity of the thermal SZE map of LiteBIRD.

the photon spectrum to a Planck spectrum with no chemical potential. However, Compton
scattering is still efficient for re-distributing the photon energies so as to maintain an equi-
librium distribution (i.e., a Bose-Einstein distribution with non-zero chemical potential, also
known as 4 distortion). The spectral distortion caused by energy injection after z = 5 x 10%,
however, does not relax to an equilibrium distribution because the energy exchange due to
Compton scattering becomes inefficient, resulting in, for example, a permanent spectrum
distortion such as the SZE described in Sect. 5.

While there exist many theoretical possibilities for energy injection in the early Universe
before z = 5 x 10% (see refs. [142, 143] for reviews), one mechanism present in the Standard
Model of Cosmology is energy injection from the dissipation of sound waves [144, 145]. As
the spectral distortion occurs at second order in the perturbation, the energy injection rate
due to the dissipation of sound waves is proportional to the sound wave amplitude squared.
This property makes it possible to constrain the small-scale power of fluctuations from the
chemical potential [146-148].

While this signal is isotropic in the sky if the fluctuations obey Gaussian statistics, a spe-
cific type of non-Gaussian fluctuations called “squeezed non-Gaussianity” can be produced
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by certain physical mechanisms during inflation such as multi-field effects and non-Bunch-
Davies vacuum initial conditions and would generate spectral distortions characterized by
a spatially varying chemical potential [149, 150]. LiteBIRD can look for this signal by
cross-correlating the measured temperature anisotropies with a map of chemical potential
reconstructed from LiteBIRD’s multi-frequency data, as this cross-correlation measures a
three-point function (temperature fluctuation on large scales correlated with the amplitude
of sound waves squared on small scales). While the multi-field effect of inflation yields only a
small signal-to-noise ratio for LiteBIRD given the constraints on this type of non-Gaussianity
from Planck data [151], non-vacuum effect can yield a large signal-to-noise ratio, offering a
powerful test of physics of inflation at its onset [150].

Light axion-like particles convert into photons in the presence of magnetic fields, generating
anisotropic distortions in the CMB spectrum [152]. In particular, “resonant conversion” of
axions into photons by the Galactic magnetic field yields polarized spectral distortion of the
CMB with the spatial distribution of the signal tracking the Galactic magnetic field. Thus
LiteBIRD can look for this signal.

7. Elucidating anomalies with polarization

The overarching narrative of the Planck analysis has been to emphasize how well the six-
parameter ‘concordance’ model can explain the data [8, 45, 96]. It is doubtless a triumph
that a simple model can account for the data. We are, however, plagued with a number
of “tensions” or “anomalies” at modest statistical significance (i.e., 2-30) [see refs. [153,
154] and references therein for a discussion], which can reasonably be interpreted either as
statistically insignificant, or alternatively as interesting hints of new physics, which theorists
should endeavor to explain.

Given the high stakes, we cannot content ourselves with proclaiming prematurely that
concordance is the end of the story. We must carry out the best possible tests to shed
as much light as possible on whether these anomalies are real. Planck has explored these
anomalies almost at the cosmic variance limit in temperature but not in polarization. By
providing low-¢ E-mode polarization maps dominated by cosmic variance, LiteBIRD will
almost double the statistical information concerning these anomalies.

We now describe some of the most important anomalies on which LiteBIRD may be
expected to provide significant new data:

(1) Low-¢ power deficit

Fig. 9 taken from the Planck 2018 release shows the observed temperature anisotropy
compared to the concordance model with the best-fitting parameters. Below are shown
the residuals. Because of the large cosmic variance at low ¢, the multipoles with £ < 30
have little pull on the cosmological parameters, of which there are six in the concor-
dance model. The cosmological parameters, and in particular the amplitude A5 and
spectral index ng, are almost completely determined by the observations at large £,
and the same would hold for the running of the spectral index if added as an extra
parameter. The open question is whether the concordance model can explain the low ¢
observations. We observe a dip at around ¢ ~ 20 and more generally a deficit in power
for ¢ < 30.

18/27



DI [1K?

AD]T
o
AR RERNRARRRRRE

T T T T TTT] T T T T T T [ T T T T | T T T T 1 T T T T 1 T T T T

6000

5000

4000

3000

2000

1000

|

[TT T T [T T T T [T T T T[T T T T[T T T T[T TTT]

- —

600
300

;60
130
Lis 4 a4 8888 6ue cnie acas tote bisoiird l.zo
|'1T‘*Tl’ L An ama arwn o ) T

fiatcasmenet
} 160

-300
-600

r—
30 500

5 5 TR T 1 =
1000 1500 2000 2500

14

N
—
o

Fig. 9 Low-{ power spectrum anomalies from the Planck 2018 temperature power spec-

trum [8]. The upper panel shows the zoom-in of the Planck 2018 temperature power spectrum

shown in Fig. 1 with the concordance model prediction using best-fitting parameters (red
curve). The lower panel shows the residuals to this fit. While at high ¢ the fit is good, at
low ¢ there are signs of a power deficit, with the possibility of a dip around ¢ ~ 20.

Is this simply a statistical fluke, or is it an error in the measurements, possibly
from some systematic, or oversubtracted foregrounds (where part of the primordial
signal has been mistaken for foreground contamination)? Given the analysis, the latter
explanations seem unlikely. The likelihood of observing this anomaly as a result of
chance within the concordance model depends somewhat on what estimator is used,
and one must also account for the look-elsewhere effect, but the significance is modest—
somewhere in the neighborhood of 2.

Hemispherical asymmetry

Hemispherical asymmetry, or dipolar modulation, is the simplest possible model
under which the underlying statistical process generating the primordial perturba-
tions might not be the same in all directions. Almost all theoretical models—or,
more precisely, all the simplest theoretical models—predict that the same power spec-
trum should be measured in different patches of the sky (up to differences plausibly
attributable to cosmic variance).

Current CMB data indicate that the power spectra as measured on opposite hemi-
spheres differ to a degree unlikely to be explained by cosmic variance alone, although
the statistical significance of this result is modest [153, 155]. This anomaly was first
noted by WMAP [156, 157], but because of the absence of high frequency dust chan-
nels for the WMAP experiment, it was in principle possible that the anomaly might
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somehow result from inadequate Galactic dust emission modelling. Planck was able to
test this explanation thanks to its high frequency channels, and was also able to search
for dipolar modulation on smaller angular scales, where in the simplest models one
would expect a signal with much higher signal-to-noise. The Planck results ruled out
the possibility that the WMAP result could be a dust artifact, and more interestingly
showed that the signal for a modulation was present only for ¢ < 64, contrary to the
predictions of the simplest models.

Although the Planck team also looked for dipolar modulation in polarization, the
constraints using polarization are much weaker than the cosmic variance limit. Lite-
BIRD will be able to provide cosmic variance limited E mode data to enable the
ultimate assessment of the statistical evidence for dipolar modulation as well as other
models violating the assumption of isotropy of the underlying stochastic process gener-
ating the primordial cosmological perturbations. See Ref. [158] for a discussion of the
even-odd anomaly and forecasts of how new better polarization data could potentially
increase its statistical significance.

Axis of evil

It has been pointed out that a number of low-¢ temperature multipoles line up to
define a common axis in a manner very unlikely to occur under the assumption of
an isotropic Gaussian stochastic process [159]. Several authors have sought to explain
these coincidences, for example by means of considering anisotropic cosmological mod-
els. Are these coincidences simply a statistical fluke, or are they a hint of new physics
beyond the concordance model? This question is difficult to answer as we have a
natural tendency to find patterns, and unlike in laboratory experiments, we cannot
fix our estimator and then accumulate more data to see whether the anomaly per-
sists. Fortunately, we can look to see whether the same axes are also found in the
polarization.

Cold spot

After smoothing the cleaned primordial CMB temperature map over various scales,
the maxima and minima of the map can be compared to expectations assuming a
Gaussian underlying theory. This exercise carried out using a 400 arcminute smooth-
ing kernel yields a “cold spot,” which is expected to occur in slightly less than 1% of
the maps generated using a Gaussian process with the same power spectrum (where
no attempt has been made to include the look-elsewhere effect). See [153] and refer-
ences therein. LiteBIRD will tell us whether polarization anomalies occur at the same
location as the cold spot.

To the above anomalies we should also add tensions with non-CMB determinations of

the cosmological parameters. One example is the measurement of the present value of the

Hubble constant Hy. The Planck 2018 Cosmological Parameters paper reports the determi-

nation Hy = 67.4 4+ 0.5 km s~! Mpc™!, which conflicts with the determination using more

traditional methods (i.e., based on surveying the low-z universe by establishing a “cosmic
distance ladder”, etc.) obtaining 73.45 4 1.66 km s~ Mpc~! [160]. These two results dis-
agree at the level of 3.30. Since this tension is modest, one could argue that at this point

at least we should not worry too much. However, this tension could also be the hint of new

physics.
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It is significant that these two kinds of measurements are vulnerable to completely different
types of errors. On the one hand, the CMB H( determination crucially relies on the assump-
tion that the six-parameter concordance model correctly describes the physics at play when
the CMB anisotropies were imprinted. Small corrections or extensions to the concordance
model would shift the determination of Hy and affect the estimation of its error. On the
other hand, the low-z measurements of Hy do not rely on knowing the correct model for
the early universe processes. These measurements, however, suffer from other uncertainties,
for example in the corrections from galactic dust extinction and the modelling of variable
stars and supernovae. Measurements of Hy by surveying the low-z universe will improve as
new infrared observations, for which there is virtually no extinction, come online, as well
as better determinations using independent techniques such as water masers, gravitational
waves, and gravitational lensing. It will also be important to improve the error bars on the
CMB side with better E mode polarization data limited only by cosmic variance. LiteBIRD
has an important contribution to make in this endeavor.

8. (Galactic science

Cosmic magnetism remains an unresolved puzzle of fundamental importance to astrophysics.
Magnetic fields are ubiquitous. Yet little is known regarding their origin and the dynamo
processes believed to have amplified a weak initial seed field and maintained their strength
through cosmic time [161].

The role that magnetic fields play in the evolution of the universe also remains an important
open question. As has often been the case in astrophysics, our understanding extrapolates
from observations of the very local universe, from the Milky Way and nearby galaxies.
Magnetic fields have been shown to play an important role in the dynamics and evolution of
the Milky Way. A better understanding of magnetic fields would enable progress to be made
in understanding the astrophysics of galaxies. Examples include the dynamics and energetics
of the multiphase interstellar medium (ISM), star formation efficiency, the acceleration and
propagation of cosmic rays, and the impact of feedback on galaxy evolution.

Magnetic fields are not only critical to understanding galaxies. The magnetized ISM in the
solar neighborhood poses an obstacle to investigation of cosmic signals. Dust and synchrotron
emission from the Galaxy contaminate measurements of CMB polarization [162] and CMB
spectral distortions [163]. The Galactic ISM complicates investigating the 21cm line emission
of neutral hydrogen from Cosmic Dawn and the Epoch of Reionization [164] as well as of
extragalactic magnetic fields [165]. Galactic magnetic fields also prevent us from identifying
the sources of ultra-high energy cosmic rays [166].

A broad range of science objectives cannot be achieved unless there is progress in modeling
the Galactic magnetic fields, which in turn motivates ambitious efforts to acquire relevant
data [167]. As a result, Galactic Magnetism is today an extremely active research field, driven
by the rapid advances in observational capabilities.

Observations of the Galactic polarization were among the most interesting outcomes of the
Planck space mission. Spectacular images combining the intensity of dust emission with the
texture derived from polarization data have received worldwide attention and have become
part of the general scientific culture [168]. Beyond this popular impact, the Planck polariza-
tion maps have represented a great leap forward for Galactic astrophysics [169]. We anticipate
a comparable contribution from LiteBIRD. LiteBIRD will provide full sky maps of dust
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polarization at sub-mm wavelengths with a sensitivity many times better than the Planck
353 GHz polarization map. Such maps can be obtained only from a space mission. This data
will complement the rich array of polarization observations including stellar polarization
surveys to be combined with Gaia astrometry [170], and synchrotron observations together
with Faraday rotation measurements at radio wavelengths with the Square Kilometer Array
and its precursors [171]. Here we sketch two main directions of research.

8.1. Magnetic fields

Dust polarization probes the magnetic field orientation in dusty regions, mostly in the cold
and warm neutral phases of the ISM, which account for the bulk of the gas mass, and hence
also of the dust mass. These ISM phases include self-gravitating gaseous structures within
star forming molecular clouds and account for the bulk of the turbulent gas kinetic energy
[172]. Thus among the various means available to map the structure of interstellar magnetic
fields, dust polarization is best suited to trace the dynamical interplay between magnetic
fields, turbulence, and gravity in the ISM. This interplay is pivotal to star formation. It is
also central to cosmic magnetism because it constrains the interplay between magnetic fields
and the formation of structures in the universe across cosmic time and scales [161].

The multiphase magnetized ISM is too complex to be described by an analytic theory.
Our understanding in this research field follows from observations, numerical magnetohy-
drodynamic (MHD) simulations, and phenomenological models. A wealth of spectroscopic
observations of gas species tracing the gas density, its column density and its kinematics
obtained from ground telescopes is available. LiteBIRD will provide complementary data
with comparable statistics regarding magnetic fields.

LiteBIRD observations at the highest frequency (i.e., 402 GHz) will improve on the Planck
353 GHz sensitivity to dust polarization by a factor 50, increasing the number of modes
measured over the sky by a comparable factor. While the analysis of dust polarization at
high Galactic latitude is limited today by the Planck sensitivity to an effective angular
resolution ~ 1°, LiteBIRD will extend this resolution to its 10" beam size at 402 GHz. The
LiteBIRD 402 GHz polarization map will become the new reference for the statistical analysis
of magnetic fields and their correlation with the matter and gas kinematics, in the neutral,
atomic, and molecular ISM phases.

This improvement in sensitivity will open new research directions that one cannot fully
anticipate. Moreover, this new data will further the characterization of the correlation
between magnetic fields and the filamentary structure in the diffuse ISM and star form-
ing clouds [173, 174]. More generally, LiteBIRD will provide the data statistics required
to explore the non-Gaussianity (intermittency) of magnetic fields, and to uncover coherent
magnetic structures, arising from the nonlinear interplay between turbulent gas motions and
magnetic fields, and the dissipation of turbulence [175, 176]. Our current knowledge derives
from MHD simulations that lack the dynamic range needed to explore the full range of scales
of interstellar turbulence [177]. The LiteBIRD data will be crucial to test how well MHD
simulations agree with the observed behavior of astrophysical plasmas.
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8.2. Interstellar dust

The analysis of the LiteBIRD data will also include the spectral characterization of Galactic
polarization. The current description of the Galactic contribution to the Planck and WMAP
polarization data as arising from two components, namely dust thermal emission and syn-
chrotron [162, 178], is likely to prove inadequate for LiteBIRD. LiteBIRD will provide data
at 15 frequency bands between 40 and 402 GHz with a sensitivity a factor of 15 to 50 times
better than the corresponding frequencies of Planck and WMAP. This significantly better
sensitivity may lead to discoveries concerning the dust composition and the physics of grain
alignment.

Interstellar dust is often modeled as a mixture of silicate and carbon grains. If silicates
contain magnetic inclusions, or if the interstellar dust includes free flying magnetic grains,
Galactic polarization may include a significant contribution from magnetic dipole emission
[179]. Dipole emission from spinning dust grains is thought to account for the anomalous
microwave emission (AME)3 but the nature of the carriers remains uncertain [180]. The
competing hypotheses, namely polycyclic aromatic hydrocarbons, small silicates, and mag-
netic nanoparticles, differ in their predictions for the AME polarization. A detection of AME
polarization will thus constrain the nature of its carriers. The current limit on AME polar-
ization from the diffuse ISM is set by the cross-correlation between the dust and synchrotron
polarization [181]. Comparing level of the cross-correlation of the low frequency LiteBIRD
maps with dust to the cross-correlation with dust of the synchrotron maps from observations
from the ground at even lower frequencies (e.g., the C-Band all-sky survey at 5 GHz [182])
promises to establish new constraints on the polarization of the AME, because these lower
frequency maps are virtually free of AME.

The emission properties of dust at long wavelengths have been shown by Planck to vary
throughout the ISM [183, 184]. Likewise, the alignment efficiency depends on both the local
physical conditions and the dust composition [185]. Variations in both dust properties and
alignment efficiency are likely to be correlated with the density structure of the ISM, which
in turn is known to be correlated with the magnetic field structure. These correlations are
expected to violate the simplest assumption for component separation under which the
spectral frequency dependence of the Galactic polarization and its angular structure on the
sky factorize. This effect, known as frequency decorrelation, has not yet been detected by
Planck [162]. However it is likely that LiteBIRD will encounter this additional complexity.
Frequency decorrelation complicates the separation of the Galactic and primordial CMB
polarizations. We will need to understand and characterize this new complexity in order to
assess its impact on the search for primordial B-modes. This aspect of the data analysis will
also contribute to update and test models of dust emission and of grain alignment, which
are of interest for the interpretation of dust polarization data.
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