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LiteBIRD, the Lite (Light) satellite for the study of B-mode polarization and In ation from
cosmic background Radiation Detection, is a space mission for primordial cosmology and
fundamental physics. The Japan Aerospace Exploration Agency (JAXA) selected LiteBIRD
in May 2019 as a strategic large-class (L-class) mission, with an expected launch in the late
2020s using JAXA’s H3 rocket. LiteBIRD is planned to orbit the Sun-Earth Lagrangian
point L2, where it will map the cosmic microwave background polarization over the entire
sky for three years, with three telescopes in 15 frequency bands between 34 and 448 GHz,
to achieve an unprecedented total sensitivity of 2.2 pK-arcmin, with a typical angular res-
olution of 0.5° at 100 GHz. The primary scienti c objective of LiteBIRD is to search for
the signal from cosmic in ation, either making a discovery or ruling out well-motivated
in ationary models. The measurements of LiteBIRD will also provide us with insight into
the quantum nature of gravity and other new physics beyond the standard models of par-
ticle physics and cosmology. We provide an overview of the LiteBIRD project, including
scienti ¢ objectives, mission and system requirements, operation concept, spacecraft and
payload module design, expected scienti ¢ outcomes, potential design extensions, and syn-
ergies with other projects.

Subject Index F14

1. Introduction
1.1. CMB polarization as the new frontier and the LiteBIRD satellite
Observations of cosmic microwave background (CMB) temperature uctuations have played
a pivotal role in establishing the standard cosmological model, called the  cold dark matter
model [1], and provide insights into the origin of structure, the density of baryons, dark mat-
ter, dark energy, the number of neutrino species, and the global properties of spacetime [2-5].
Observations have reached a point at which most of the information about the early Universe
available in temperature uctuations has been exhausted [6,7]. However, precise measurements
of the fainter CMB polarization anisotropies hold the key to answering many remaining ques-
tions about the Universe. Observations have so far only begun to scratch the surface [8-13].

Perhaps the biggest remaining question is what mechanism created the small primordial uc-
tuations that seeded the observed CMB anisotropies and eventually grew into stars and galax-
ies. The most widely studied idea is “cosmic in ation” [14-19]. According to this idea, the pri-
mordial uctuations originated as quantum uctuations during a period of nearly exponential
expansion of the very early Universe [20-24]. Eventually this period ended and the Universe
became lled with a hot and dense plasma that subsequently cooled and led to the Universe that
we see around us. As a consequence of the nearly exponential expansion that stretched micro-
scopic regions of spacetimes to macroscopic scales, the plasma is homogeneous and isotropic,
except for the minute quantum uctuations that were also stretched to macroscopic scales.

Cosmicin ation predicts primordial density uctuations that are consistent with the observed
temperature uctuations [20-24]. In addition, in ation predicts quantum uctuations in the
fabric of spacetime itself [25,26]. These primordial gravitational waves lead to a characteristic
imprint in CMB polarization, commonly referred to as “B-mode” polarization [27-29], and
many of the best-motivated models predict a signal that is large enough to be detected with
LiteBIRD (the Lite (Light) satellite for the study of B-mode polarization and In ation from
cosmic background Radiation Detection) [30].

A detection of this signal would open an unexplored frontier of physics, shedding light on
fundamental processes at energies far beyond the reach of CERN'’s Large Hadron Collider,
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revolutionizing our understanding of physics and the early Universe [31]. A detection of pri-
mordial gravitational waves with LiteBIRD would have important implications for many as-
pects of fundamental physics. A detection would, for instance, indicate that in ation occurred
near the energy scale associated with grand uni ed theories, providing additional evidence in
favor of the idea of the uni cation of forces. Knowledge of the energy scale of in ation also
has important implications for several other aspects of fundamental physics, such as axions
and, in the context of string theory, the elds that control the shapes and sizes of the compact
dimensions.

To search for the imprint of gravitational waves, LiteBIRD will conduct a survey of the entire
sky that is 30 times more sensitive than previous full-sky experiments, corresponding to a raw
sensitivity of nearly 1000 Planck missions.! LiteBIRD will be the natural next step in the series
of CMB space missions, following National Aeronautics and Space Administration (NASA)’s
COBE [32] and WMAP [33], and the European Space Agency (ESA)’s Planck [34], each of
which has made its own landmark scienti c¢ discoveries. See Ref. [2] for a comprehensive list of
CMB experiments and their pioneering contributions.

The CMB polarization anisotropies can be decomposed according to their transformation
properties under parity transformations into “E-modes” and “B-modes”. The E-mode polar-
ization is predominantly caused by acoustic waves present at recombination, and the signal is
strongest on angular scales of a few to tens of arcminutes (corresponding to multipoles of

1000). The B-mode polarization pattern imprinted by gravitational waves peaks on degree
angular scales (corresponding to multipoles of 80) and on very large angular scales (corre-
sponding to multipoles of 10) [27,35]. The “recombination peak” near 80 is imprinted
during the epoch when electrons and protons combine to form hydrogen and the Universe
becomes neutral, while the “reionization bump” below 10 is imprinted around the time
when the rst stars reionize the Universe [36]. At linear order, the density perturbations do not
generate B-mode polarization, which makes the B-mode power spectrum the most natural ob-
servable to search for primordial gravitational waves. However, CMB photons are de ected by
the gravitational potentials associated with the matter along the line of sight. This is referred
to as weak gravitational lensing and converts some of the “E-mode” polarization generated by
density perturbations into B-modes [37]. Like the E-modes, this effect peaks on much smaller
scales of a few arcminutes (corresponding to multipoles of 1000) but must be taken into
account. This contribution is well understood theoretically, and LiteBIRD targets any excess
over the lensing signal caused by the imprint of gravitational waves. While ground-based exper-
iments only target the recombination peak, LiteBIRD can see both peaks in the B-mode power
spectrum.

In addition to the B-modes caused by weak gravitational lensing of E-modes, there are addi-
tional “foreground” sources of B-mode polarization at microwave frequencies. Thermal emis-
sion by interstellar dust grains that are aligned with the Galactic magnetic eld and synchrotron
emission from electrons spiraling in the Galactic magnetic eld provide the dominant contribu-
tions. Fortunately, the frequency dependence of the primordial signal and foreground emission
differ signi cantly so that multi-frequency observations allow us to disentangle the primordial
and foreground contributions [38—40].

1This is based on a comparison between the inverse-variance weighted combination of the white noise
for CMB polarization of all channels for LiteBIRD versus Planck.

5/143

£20z Jequierdes oz uo 1senb Aq 0Z#S£89/104210/v/€20Z/el01e/de1d/woo dno-ojwepeoe//:sdiy wolj pepeojumoq



PTEP 2023, 042F01 E. Allysetal.

Angular scale

90° 18° 3° 1° 0.2° 0.1°
‘ ‘ p e : te-¢ Y ‘ ‘
e ¢ ...J(.v'“\ g ¢
103 ¢ tog®,
L L 2 L]
CMB- TT -
%
Planck
$el, "f",‘ ;\V\L"’,.‘ég
101 “ .. .,. 7 T W
BICEP /Keck ° S “T
LiteBIRD i CMB. EE
& b ¥ v‘.
= ‘e
S °
Q10! to
R~ ®
S T ‘
= o2
i . < 4 v CMB- BB
= | g *
D
* +.
1073 i L ]
®
'Y Lensing
T T Primordial
107> r=0.004
2 10 30 80 200 500 1000 2000
Multipole ¢

Fig. 1. CMB power spectra of the temperature anisotropy (top), E-mode polarization (middle), and B-
mode polarization (bottom). The solid lines show the angular power spectra for the best- tting CDM
model in the presence of a scale-invariant tensor (gravitational wave) perturbation with a tensor-to-scalar
ratio parameter of r = 0.004. The thin dashed line shows the contribution to the B-mode spectrum from
scale-invariant tensor perturbation with r = 0.004. A summary of present measurements of CMB power
spectra (colored points) [8-10,12,41-47] and the expected polarization sensitivity of LiteBIRD (black
points) are also shown.

To separate these primordial and foreground components, LiteBIRD will survey the full sky in
15 frequency bands from 34 to 448 GHz, with effective polarization sensitivity of 2 pK-arcmin
and angular resolution of 31arcmin (at 140 GHz). Rapid polarization modulation, a densely
linked observation strategy, and the stable environment of an orbit around L2 (the second La-
grangian point for the Sun—Earth system) provide unprecedented ability to control systematic
errors, especially on the largest angular scales below 10. Taken together, the control of fore-
grounds and systematic errors gives LiteBIRD the ability to detect both the reionization and
recombination bumps in the B-mode power spectrum, giving much higher con dence that a
primordial signal has been uncovered. Importantly, if a hint of the recombination peak is seen
by a ground-based or balloon-borne experiment, LiteBIRD will make a de nitive statement on
the detection of the signal and greatly improve the quantitative constraints on the physics of in-

ation. The forecast for LiteBIRD’s ability to measure the primordial B-mode power spectrum
is shown in Fig. 1, together with currently available measurements.
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Even in the absence of gravitational waves, on the largest angular scales, scattering of photons
during the reionization epoch at z  6-10 generates E-mode polarization [36]. LiteBIRD will
measure this signal with high precision and will make a de nitive determination of the optical
depth to the surface of last scattering. The optical depth contains key information about the
nature of the epoch of reionization and will, for instance, constrain models of the rststars. The
optical depth is currently the least well-constrained parameter of the standard cosmological
model and currently limits any constraints that rely on comparisons of the amplitude of CMB
anisotropies and clustering of the matter distribution, such as the measurement of the sum of
neutrino masses [48-52]. LiteBIRD will provide a cosmic-variance-limited measurement? of
E-modes at low multipoles. This will complement measurements by high-resolution ground-
based CMB experiments such as the South Pole Observatory (SPO) [57], Simons Observatory
(SO) [58], and CMB Stage-4 [59] and will signi cantly improve cosmological measurements of
the sum of neutrino masses.

Finally, the LiteBIRD all-sky polarized maps in 15 frequency bands will be a rich legacy data
set for understanding the large-scale magnetic eld structure in the Milky Way, having ve times
greater sensitivity to Galactic magnetic elds than ESA’s Planck mission [60,61].

1.2. Outline of this review
This paper is arranged as follows. Section 2 introduces CMB B-mode tests of cosmic in a-
tion, including constraints expected by LiteBIRD and an argument for the necessity of CMB
B-mode measurements from space. Section 3 gives a broad overview of the LiteBIRD mis-
sion, including the science requirements, a description of the instrument, and a description of
ight operations. Section 4 describes the LiteBIRD instrument, including the telescope designs,
the bolometric detector arrays, the readout, the cryogenics, and calibration strategy. Section 5
gives a detailed analysis of the statistical and systematic uncertainties in the tensor-to-scalar
ratio measurement; this section also includes an analysis of the impact of foregrounds and
instrumental uncertainties. Section 6 describes the scienti ¢ outcomes of LiteBIRD beyond
the detection of primordial gravitational waves, including measurement of the optical depth to
reionization, determination of neutrino masses, a search for cosmic birefringence, mapping hot
gas in the Universe, a search for anisotropic CMB spectral distortions, a probe of primordial
magnetic elds, and measurements to elucidate the astrophysics of the Milky Way. Section 7 de-
scribes possible extensions to the LiteBIRD mission design, including extending the frequency
range, as well as synergy with other cosmology and astrophysics projects. Section 8 concludes
this review.

2. CMB B-modes as tests of cosmic in ation

2.1. CMB polarization power spectra

LiteBIRD will provide maps of the temperature and polarization anisotropies in 15 frequency
bands from 34 to 448 GHz. Fundamental theory does not predict the detailed structure of the
maps, only their statistical properties, like the expected correlations between temperature and
polarization anisotropies between different points on the sky. Earlier measurements by WMAP
and Planck imply that the anisotropies are nearly Gaussian so that their statistical properties
are predominantly characterized by the two-point correlation functions [62—65]. The observa-

2 A measurement is cosmic-variance limited if the error bar is limited only by the fraction of sky avail-
able for the cosmological analysis and can no longer be decreased by improving the instrument [53-56].
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tions by WMAP and Planck also tightly constrain departures from statistical isotropy [66—69].
Under the assumption that the underlying probability distribution is isotropic, the correlations
between anisotropies at different points in the sky only depend on the angle between them.
Given these properties, itis natural to consider angular correlation functions that measure the
correlations between different points in the sky as a function of this angular separation. While
it would be possible to work with maps and their angular correlation functions, in practice it is
more convenient to expand the temperature T maps in terms of spherical harmonics,
T = a,Yn), (1)
,m
and work with the coef cients of this expansion a'_, referred to as multipole coef cients.
Similarly, it is convenient to expand the maps of the Stokes Q and U parameters, which char-
acterize the linear polarization, in terms of spin-weighted spherical harmonics, Y n,
Q) +iu()=— a5 +ia%, 2Ym(h), )
,m
and work with the expansion coef cients a5 and a®,. This decomposition into E- and B-mode
polarization is convenient because E- and B-mode patterns have distinct parity; i.e., they trans-
form differently under the inversion of spherical coordinates, i — —A. Speci cally, the spher-
ical harmonics coef cients transform as af. — (—1) af and a® - (—1) ™aB . As a result,
when forming the angular power spectra®
1 X

cXY = aX a’ (3)
2 +1 "

m?

where X and Y are either T, E, or B, there are “parity-even” combinations suchasC'", CTE,
CEE, and CBB that do not change sign under the inversion of spherical coordinates, as well as
“parity-odd” combinations such as C™8 and CE® that do change sign. All of the parity-even
combinations from the density uctuations (scalar perturbation) have been measured already;,
as seen in Fig. 1, whereas CB® from the primordial gravitational waves (tensor perturbation),
the target of the LiteBIRD mission, have not been detected yet [10,13,41,72]. The parity-odd
combinations of the CMB polarization can be used to probe new physics that violates parity
symmetry [73-77]. While no signi cant evidence for parity-odd power spectra of the CMB has
been found (see Refs. [78-80] for summaries), CT® from the polarized dust emission in our
Galaxy has been found [60,78].

As we brie y mentioned in the introduction, the decomposition into E- and B-modes is also
convenient because, to linear order, the well-measured density perturbations only generate tem-
perature and E-mode anisotropies, whereas gravitational waves lead to B-modes in addition to
temperature anisotropies and E-modes. Somewhat heuristically, this can be understood from
the fact that E-modes behave much like the gradient component of a vector eld, whereas the
B-modes behave like the curl-like component. At linear order, one can construct a gradient
component from density perturbations, but it is impossible to construct a curl-component. For

3The use of angular power spectra rather than correlation functions is convenient because it leads to
a nearly diagonal covariance matrix. For a non-expert review of the physics of the CMB and CMB
observables see, e.g., Ref. [70] and for a more technical overview of CMB polarization see Ref. [71]. The
expressions given here are idealized. In practice, foreground emission near the Galactic plane is too bright
and must be masked, the instrument has nite resolution, the maps are pixelized, and so on, all of which
lead to (known) corrections to these expressions.

8/143

£20z Jequierdes oz uo 1senb Aq 0Z#S£89/104210/v/€20Z/el01e/de1d/woo dno-ojwepeoe//:sdiy wolj pepeojumoq



PTEP 2023, 042F01 E. Allys et al.

more details, we refer the interested reader to Refs. [30,81]. So B-modes provide the cleanest
way for CMB experiments to search for primordial gravitational waves.

To see more explicitly how the information about the very early Universe is encoded, note
that the contributions of primordial density perturbations to the angular power spectra of
temperature or E-mode anisotropies are schematically given by

T 2
() dtSik 1) K(o—T1)] 4)
0
where K is the wavenumber of a Fourier mode and T is the so-called conformal time, which
is related to the physical time t as dt = dt/a(t) with a(t) being the scale factor for the homo-
geneous and isotropic expansion of space. The subscript “0” indicates the present-day epoch.
The integrand factorizes into three pieces:

dk

XX —
Co. T

The primordial power spectrum of density perturbations as a function of k (or equivalently
radians per distance), %(k), which contains information about the very early Universe.
The source functions, Sé)(k, 1), which contain information about the physics of the
medium, largely from recombination to the present.

The spherical Bessel functions, j (x), for a spatially at universe.

Similarly, the contributions of primordial gravitational waves to the angular power spectra
of temperature, E-mode, and B-mode anisotropies are given by
dk K 2
Co, = 7o 100 dTSHK X k(o —1)] ()
0
where (k) is now the primordial power spectrum of gravitational waves, Sé)(k, T) are source
functions for tensor perturbations in the medium, and x* (x) is a function of the spherical
Bessel functions and their derivatives appropriate for X =T, E, or B [29,35,82,83].

A wealth of information about the Universe is contained in the dependence of the source
functions and the argument of the spherical Bessel function on cosmological parameters, like
the matter density, the number of relativistic degrees of freedom, and so on. Here we are most
interested in the information contained in the primordial power spectra, %(k) and ﬁ(k),

which are conventionally parametrized as [84]
K M- K M

o=} - and A= F o= ©)

where k is a pivot scale that will be taken to be k = 0.05 Mpc™! throughout this document,
and ns and n are referred to as the scalar and tensor spectral indices, respectively. In general
ns and n; are functions of k. However, the scale dependence is expected to be weak, and the
default analyses typically report ng = ng(k ). So-called “scale-invariant” spectra correspond to
ng=21andn; =0.

Unfortunately,* B-modes are not only generated by primordial gravitational waves, but also
by weak lensing of the CMB by matter along the line of sight, which converts E-modes into
B-modes [37], and by polarized Galactic emission from interstellar dust grains and relativistic
electrons [38—40]. As a consequence, in order to detect the B-modes from primordial gravita-
tional waves, both lensing and foreground contributions must be carefully accounted for. As we

“4For the prospect of detecting primordial B-modes.
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will discuss in more detail, LiteBIRD employs 15 frequency bands to characterize and remove
the foreground emission. The weak lensing signal has the same frequency dependence as the
gravitational wave signal, but its angular dependence is theoretically well understood. Further-
more, because the weak lensing is caused by large-scale structure along the line of sight, some
of the weak lensing signal can be removed by combining LiteBIRD with other data sets [85-89].

The theoretical predictions and current measurements of the angular power spectra are
shown in Fig. 1. The LiteBIRD error bars, which are used for the constraints presented in the
next sections, include foreground residuals as detailed in Sect. 5.

2.2. Cosmic in ation
The remarkable insight gained from analyzing cosmological data is that all cosmic structures,
such as galaxies, stars, planets, and eventually us, appear to have originated from tiny quantum

uctuations in the early Universe. Within thisin ationary picture, there was a very early period
of nearly exponential expansion that generated the seed uctuations for today’s structure.

According to general relativity, spacetime expands exponentially if the energy budget is dom-
inated by vacuum energy. However, from our existence, we know that this early period of cos-
mological in ation must have ended. This requires a clock, or more formally a scalar eld,
that keeps track of time and eventually causes in ation to end. Within quantum mechanics,
this scalar eld will experience quantum uctuations, and according to cosmic in ation these
initially microscopic quantum uctuations were stretched to macroscopic scales by the nearly
exponential expansion, serving as the seeds of structure formation [20-24].

In this scenario, the matter sector must include a scalar eld, the “in aton”, @. For the sim-
plest models of in ation, the action contains

v 1
d'x =g —56"0,00,0 =V (9) ©)

and is characterized by the potential V(¢). As usual, we denote the expansion rate of the Uni-
verse (called the “Hubble rate”) by H = a/a, where a(t) is the scale factor appearing in the
Friedmann-Lemaitre—Robertson-Walker (FLRW) line element. Fora at FLRW universe this
line element is ds?> = —dt? + a?(t)dx?, and the dynamics of the scale factor is governed by the
Friedman equation

szTp’ (8)

where p = %(p2 +V (@) is the energy density in the in aton.

The slow-roll parameter , the fractional rate of change of the expansion rate in one Hubble
time (1/H), is given by [84]

. "
. (©)
0°+2V(p)

If the energy density of the scalar eld is dominated by the potential energy density 2 V (¢),
the slow-roll parameter is small, 1. In this case the scale factor grows nearly exponentially.
To be phenomenologically viable, in ation must last suf ciently long to solve the horizon and

atness problems [16]. The simplest way to satisfy this requirement is to have a potential that
is at enough so that the fractional rate of change of the in aton velocity per Hubble time is
small. Such models of in ation, based on a single slowly rolling scalar eld, predict statistically
homogeneous and isotropic, adiabatic, and nearly Gaussian primordial density perturbations
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with a spectrum of primordial density perturbations given by [84]

2
2 1 H

0= o (10)

where the slow-roll parameter and the Hubble rate H are to be evaluated at a time when k =
aH, and Mp is the (reduced) Planck mass. Since both and H are slowly varying functions of
time, the spectrum is expected to be nearly (but not exactly) scale invariantng 1. Furthermore,
as in ation proceeds, the Hubble rate decreases. The slow-roll parameter is small during in-

ation, approaches unity as in ation ends, and in the simplest models increases monotonically.
Decreasing H and increasing implies that the simplest models predict a red spectrum, i.e., an
amplitude of the power spectrum that decreases with increasing wavenumber, corresponding to
ns < 1. All these predictions, including the deviation from an exactly scale-invariant spectrum,
have been con rmed by CMB data from WMAP [42,90,91], the Planck satellite [92-94], and
various ground-based observations [95-98].

So far we have discussed the period during which the Universe expands nearly exponentially.
From the cosmos today, we know that eventually this period must have ended, and the energy
density in the in aton must have been converted to a plasma of standard-model particles. This
process is referred to as “reheating” [99-101]. The details of reheating are unknown but, rather
remarkably, the observational predictions only weakly depend on these details, at least for the
single- eld models discussed here [102-104]. The main effect on observables arises from the
amount by which the Universe expands during reheating. The amount of expansion during
this period affects how physical scales today are related to physical scales during in ation, or
more quantitatively how long has elapsed before the end of in ation k = aH.

2.3. Primordial gravitational waves from cosmic in ation

Constraints on the primordial spectrum of density perturbations from observations of temper-
ature and E-mode anisotropies provide strong evidence for the quantum mechanical origin of
cosmic structure, and to many they already suggest that the early Universe underwent a period
of in ation. However, extraordinary claims require extraordinary evidence.

Like the scalar eld, the spacetime metric also uctuates, and just like the uctuations in the
scalar eld, the microscopic uctuations in the spacetime metric were also stretched to macro-
scopic scales by the in ationary expansion. So in ation predicts a statistically homogeneous
and isotropic, nearly Gaussian background of primordial gravitational waves [25,26,105]. For
models based on a single slowly rolling scalar eld the power spectrum is given by [84]

oo 8 H?
n(k) = MZ 2n (11)
where H is again to be evaluated when k = aH. Since H is a slowly decreasing function of time,
the primordial gravitational wave spectrum is expected to be nearly scale invariant (n;  0)
and red (ny < 0). According to Eq. (11), in the context of in ation a detection of a primordial
gravitational wave signal would allow a determination of the expansion rate of the Universe
during in ation. In single- eld slow-roll models, the expansion rate is directly related to the
energy scale of in ation, V. 3H2M3.

These gravitational waves are a remarkable prediction of in ation, and their detection would

provide strong independent evidence for in ation, arguably providing de nitive con rmation.
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A detection of this signal would also be the rst observation of quantum uctuations of space-
time itself, and have other important implications to be discussed below.

2.4. Implications of LiteBIRD power spectrum measurements for in ation
To discuss the implications of LiteBIRD’s B-mode power spectrum measurements for in ation,
it is convenient to introduce the ratio of the power in primordial gravitational waves, given in
Eqg. (11), to the power in primordial density perturbations, de ned in Eq. (10), referred to as
the “tensor-to-scalar ratio”:
A(k)
2(k)
Key quantities like the energy scale of in ation and the range traveled by the scalar eld are
closely related to this parameter, and different classes of models of in ation make different
predictions for r.
In single- eld slow-roll models, the amplitude of the primordial density perturbations in-
ferred from measurements of temperature and E-mode perturbations, together with the Fried-
mann equation, allows us to express the energy scale of in ation in terms of r through

(12)

v _ 16 ro
VT =1.04 x 10~ GeV 001 : (13)

Thus, a detection achievable by LiteBIRD would imply that the in ationary energy scale is close
to that associated with grand uni ed theories, and would provide additional evidence for the
idea of grand uni cation [31].

Under the same assumptions, the tensor-to-scalar ratio not only constrains the energy scale
of in ation, but also the distance traveled by the in aton [31],
e ry (14)
Mp 8
where N represents the number of “e-folds”, the natural logarithm of the change in linear
scale of the Universe, between the time when k = aH and the end of in ation. As brie y
discussed earlier, the exact time when k = aH, and hence the value of N , depends on the
details of reheating, the process that converts the energy density in the in aton into a hot plasma
of standard-model particles. This process is not well constrained, but taking N = 30 as a
conservative lower limit, we see that a detection of gravitational waves above r = 0.01 would
imply an excursionin eld space that exceeds Mp. Such a detection would signi  cantly constrain
theories of quantum gravity, such as superstring theories (see, e.g., Ref. [106] and references
therein).

In the absence of a detection, LiteBIRD will set an upper limit of r < 0.002 at 95% CL (ac-
counting for both statistical and systematic uncertainties). Since both the energy scale and the

eld range vary slowly with r, an upper limit does not immediately translate into stringent con-
straints on either the energy scale or the distance traveled by the in aton. To explain the impli-
cations of an upper limit and to understand the motivation for the LiteBIRD design sensitivity
we will require an additional concept, that of the characteristic scale of the potential [59,107].
To introduce this quantity and highlight its importance, we will begin with an argument that
does not involve the microscopic details of a particular model of in ation.

Provided the fractional rate of change of the expansion rate is small compared to the expan-
sion rate, 1, the tensor-to-scalar ratio r obeys a simple differential equation in terms of the
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number of e-folds N until the end of in ation [108-110]:
dinr

e (NOEEIES (15)

The cosmic microwave background allows us to observe a window of a few e-folds around N ,
which we typically expect to be between 50 and 60. The observed departure of the primordial
power spectrum from scale invariance is numerically close to (p + 1)/N , where p is some number
of order unity. In the simplest models of in ation, we expect additional small or large numbers
beyond N to be absent, which means that we expect ng(N) — 1 = —(p + 1)/N. In this case, we
can solve the differential equation and nd the general solution up to an integration constant
Neg. If we continue with the assumption that there are no additional large or small numbers,
the solution is well described by one of two limiting behaviors,

_ 8p _8p Neg °
r(N) = N and r(N) = NN (16)
where p is constrained to be positive, consistent with the observed red spectrum ng < 1 [42,92],
and by assumption Neq is expected to be of order unity.

We previously saw that the simplest single- eld models are completely characterized by a
potential. It is then natural to ask which potentials give rise to these solutions. It can be shown
that the rstsolution in Eq. (16) corresponds to potentials that at least during in ation are well
approximated by a monomial V(¢) p*~2P@?. For p of order unity, we see that this class of
models predicts r  0.01, which is easily within reach of LiteBIRD.

For the second solution, the qualitative behavior depends on the value of p. For p > 1 the
potential corresponds to so-called “hilltop™ in ation models [111] for which the potential near
the origin in eld space approaches a constant from below like a power of the eld set by p.
In ation occurs as the eld rolls off the hill toward a minimum at larger eld values. For p <
1 the potentials correspond to so-called “plateau” models, for which the potential approaches
a constant from below at large eld values, again with a power set by p. In this case in ation
occurs as the eld rolls off the plateau toward a minimum near the origin.

Rather intriguingly, the current measurement of ng favors p 1, which is a special case. It
corresponds to plateau models in which the plateau is approached exponentially:

V() Vo 1l—e M | (17)

This behavior occurs in many models of in ation, including the Starobinsky R? model for in-

ation [14] (discussed in more detail below), models in which in ation is driven by the Higgs
boson [112,113], or more generally models with a non-minimally coupled in aton [114], ber
in ation [115], Poincaré disk models [116,117], a-attractors more generally [93,118-120], or the
Goncharov-Linde model [121,122], to name just a few.

The *“characteristic scale of the potential” M is related to the integration constant Ney ac-
cording to M = NggMep. This allows us to express the tensor-to-scalar ratio in this class of
models in terms of the characteristic scale as

2 2
r 0.0025 ST M .
N Mp

Instantaneous reheating corresponds to N 57. Any delay in reheating will decrease N ,
and hence will increase the expected tensor-to-scalar ratio for a given characteristic scale. As a
consequence, for M Mp we expect r  0.0025, so that an upper limit from LiteBIRD with r
< 0.002 at 95% CL (accounting for both statistical and systematic uncertainties) would disfavor

(18)
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Fig. 2. LiteBIRD constraints on the tensor-to-scalar ratio r and the scalar spectral index ns assuming
Starobinsky’s R? model for in ation [14] with N = 51 (speci cally the analytic prediction described in
the text) as the ducial model. The lighter and darker green regions show 68% and 95% con dence-
level limits achievable with LiteBIRD and Planck. The lighter and darker orange regions (partly hidden
behind the green regions) show 68% and 95% con dence-level limits achievable with LiteBIRD alone.
The current limits are shown in light blue. The dotted blue lines show representative cases of the rst
class of models described in the text, monomial models. The red line and the dark purple dot show
the predictions of the Starobinsky model [14] (labeled as R?) and models that invoke the Higgs eld as
the in aton [112,113], respectively. The light purple lines shows the prediction for Poincaré disk mod-
els [116,117].

any of the simplest models of in ation with a characteristic scale of the potential larger than
the Planck scale.

In models such as the Starobinsky model, the Planck scale does not occur by accident, but
appears because the characteristic scale and the Planck scale are set by the same dimensionful
coef cient in the action, the coef cient of the Einstein—Hilbert term. This makes models with
M  Mp anatural target for LiteBIRD. In Fig. 2 we take the Starobinsky model as our ducial
model to showcase what a detection of primordial gravitational waves with LiteBIRD would
look like in the ns—r plane.

For a given reheating history, a model makes a de nitive prediction, corresponding to a point
in the ns—r plane. However, since the reheating history is uncertain, we represent the predic-
tions of models by bars corresponding to 47 < N < 57. One exception to this general rule
is the Starobinsky model. Unlike for most models, the underlying idea of this example is that
in ation is a consequence of a short-distance modi cation of the theory of gravity rather than
a consequence of the matter sector. Even though the Starobinsky model can be written as a
scalar-tensor theory, like any generic f(R) theory [123,124], this idea naturally predicts that
the couplings to matter elds responsible for reheating are gravitational couplings in the f(R)
frame. In this case, reheating is somewhat delayed. More detailed studies suggest that the delay
corresponds to a change in N of about 5. Thus, we take N = 51 for our ducial model. In
our simple analytic approximation, this leads tor  0.0046 and n;  0.961. Since reheating is
expected to be slower, but the details are uncertain in the Starobinsky model as well, we show
the model prediction with 42 < N < 52. The second exception to the rule are models in which
the in aton is identi ed with the Higgs eld. In this case we know the couplings to the matter
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Fig. 3. LiteBIRD constraints for a ducial model with r = 0. The lighter and darker green regions show
68% and 95% con dence-level upper limits achievable with LiteBIRD and Planck. The lighter and darker
orange regions (partly hidden behind the green regions) show 68% and 95% con dence-level upper limits
achievable with LiteBIRD alone. The blue band shows the rst class of models mentioned in the text,
monomial models. The gray band shows a concrete representative second class of plateau models with p
=1, a-attractors [118]. As discussed in the text, the second class of models depends on the characteristic
scale of the potential M. The darker gray lines show a-attractors with M = Mp and M = 5Mp. In
the absence of a detection, LiteBIRD will exclude the rst class of models at high signi cance, and
will exclude models in the second class with a super-Planckian characteristic scale, which includes the
Starobinsky model [14] and models that invoke the Higgs eld as the in aton [112,113], shown as the red
line and the purple dot, respectively.

elds, and the reheating history is calculable. To re ect this, we represent these models by a
single point in the ne—r plane at N = 57, even though some uncertainty exists here as well.

Among the examples given above, the Goncharov-Linde model [121,122] predicts a sub-
Planckian characteristic scale, and a-attractors [93,118-120] with a sub-Planckian character-
istic scale also exist. So a detection of primordial gravitational waves with LiteBIRD is by no
means guaranteed. We thus also showcase what an upper limit would look like in Fig. 3. Let
us note that in addition to being simpler in the sense that they do not contain a large hierar-
chy of scales, models with M Mp are also simpler in a different sense. One may ask whether
in ation will begin for general initial conditions for a given model, and it has recently become
possible to investigate this question in numerical general relativity, assuming that the descrip-
tion in terms of a single scalar eld is already appropriate at that time [125-128]. The simula-
tions show that models with M Mp are signi cantly more robust to inhomogeneities than
those with M < Mp [128]. This does not imply that in ation cannot begin in models with a
sub-Planckian characteristic scale, but it does suggest that additional dynamics (which could
simply be in the form of another eld) is needed to set up initial conditions that are appropri-
ate for in ation to begin in such models. So an upper limit from LiteBIRD would disfavor the
simplest models of in ation that naturally predict the observed value of ng and would also be a
milestone for early Universe cosmology that provides key information about the inner workings
of the earliest moments of the cosmos.
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2.5. Beyond the B-mode power spectrum

Single- eld slow-rollin ation predicts a stochastic background of gravitational waves that orig-
inated from quantum vacuum uctuations in spacetime and is nearly scale invariant, nearly
Gaussian, and parity conserving [25,26,105]. The detection of a violation of any of these prop-
erties would point to new physics beyond the simplest models of in ation [129]. The rst con-
dition can be tested by reconstructing the power spectrum ﬁ(k) from the observed B-mode
power spectrum [130,131], the second property can be tested through measurements of the
three-point function (bispectrum) [132-135], and the third property can be tested by parity-
violating correlation functions such as the cross-correlation between the temperature and the
B-mode polarization, between the E- and B-mode polarizations [73,76,77,136,137], or parity-
violating contributions to the three-point function [138].

These conditions can be violated when non-minimal couplings of the in aton are
present [73,139,140], or when other elds are present during in ation and source gravitational
waves. The energy density in these elds must be sub-dominant compared to the energy density
in the in aton. However, their energy density may still be suf cient to produce gravitational
waves with an amplitude within reach of LiteBIRD.

The additional sources could be scalar elds [141-144], a U(1) gauge eld [136,145-149], or
an SU(2) gauge eld [150-157]. All these sources can produce strongly scale-dependent gravi-
tational waves (and, in general, density perturbations) that are highly non-Gaussian. The latter
two types of source can produce parity-violating gravitational waves. Hence a stochastic grav-
itational wave background generated during in ation need not satisfy any of the conditions
predicted by single- eld slow-roll in ation. If the gravitational waves sourced by the matter

elds dominate over the vacuum uctuations in the metric, then detecting B-mode polarization
from primordial gravitational waves no longer generally implies the discovery of the quantum
nature of space (although the matter that created them was still produced quantum mechani-
cally). Nevertheless, such a discovery would still provide de nitive evidence forin ation because
we need in ation to stretch the wavelengths of gravitational waves to billions of light years.

An example of a U(1) gauge eld is the primordial magnetic eld, which can source tensor
perturbations that are non-scale invariant, non-Gaussian, and parity violating (see Ref. [138]
and references therein). Magnetic elds can also induce a spatially dependent rotation of po-
larization angles of the CMB by means of Faraday rotation. The effect can be detected using
multi-frequency data because the Faraday rotation angle is inversely proportional to the square
of the frequency. We discuss this possibility further in Sect. 6.5.

The axion-SU(2) model described in Ref. [157] provides an example that illustrates the bene-

ts of a satellite mission with full sky coverage and access to the reionization bump. This model
contains the in aton, an axion, and SU(2) gauge elds. The energy density is always dominated
by thein aton eld. Theaxion eldx hasa potential of the form V(x) 1+ cos(x/f), wherefis
the axion decay constant, and the axion is coupled to the gauge elds through a Chern-Simons
term, XFF. For time-dependent x, one of the helicities of the gauge eld is ampli ed. This
produces chiral gravitational waves [152,154,158] with parity-violating correlations in the CMB
power spectra and circular polarization for laser interferometers [137]. The shape of the tensor
power spectrum is determined by the evolution of X during in ation, and hence by the shape
of V(X). For the cosine potential, the axion velocity increases initially, reaches the maximum
at the in ection point, x(t ) = ntf/2, and then decreases. The resulting tensor power spectrum
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1071
= Single-Field Slow-Roll BB, r=0.00461, ny = —r/8, T=0.0544
== Axion-SU(2) BB, ryac=107%, r~=0.00461, k,=0.01,0=1
10_2 Axion-SU(2) BB, ryac =107%, r+=0.041, k, =9 x 1075, 0=3.2

N LiteBIRD error bars
Cosmic variance-limited error bars

10! 102

{

Fig. 4. B-mode power spectra, D = ( + 1)CBB/2m, for the Starobinsky model with r = 0.004 61 and
ne = —r/8 (black dotted line) and for axion—-SU(2) in ation with two sets of parameters (see Eq. (19) for
the de nition): one with r = 0.00461, k, = 0.01Mpc™", and ¢ = 1 (purple dashed line) and another
withr =0.041, k, =9 x 107° Mpc™, and 0 = 3.2 (orange dot—dashed line). The tensor-to-scalar ratio
of the vacuum uctuations is chosen to be ry,c = 1074, The cosmic-variance-only (including primordial
and lensing B-mode variance) and total LiteBIRD 1 ¢ error bars (including foreground residuals) are
shown as the gray and blue regions, respectively.

is approximately log-normal [137,159],
Kk 2

~292 In k_p ,
where I sourced (Nereafter r ) and k are the tensor-to-scalar ratio and the wavenumber at the
maximum, and o2 is the width of the power spectrum. The subscript “L” (for “left”) stands for
one of the polarization states (determined by the sign of x), while the other polarization state
is not ampli ed and is negligible. These quantities are determined by the parameters of the
model [137,159,160]. This sourced contribution is added to the vacuum contribution charac-
terized by the vacuum tensor-to-scalar ratio, rysc. The self-interaction of the gauge elds leads
to non-Gaussian gravitational waves [133-135].

In Fig. 4, we compare example B-mode power spectra of this model (dot—-dashed and dashed
lines) and that of the Starobinsky model (dotted line). The parameters are chosen such that
they all have indistinguishable recombination bumps ( 80), whereas they are very different
in their reionization bumps ( 4). Therefore, a full-sky survey enabled by a space mission
such as LiteBIRD is necessary for establishing the origin of the primordial gravitational waves:
tensor vacuum uctuation versus sourced gravitational waves.

We conclude that, in the case of a detection, it will be important to con rm the detailed
predictions of single- eld slow-roll models using the LiteBIRD data before claiming discov-
ery of the quantum nature of spacetime. Applying the established methodology for the CMB

ﬁL,sourced(k) =T sourced %(k) exp (19)
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bispectrum estimation to the LiteBIRD B-mode data will allow us to improve constraints on
tensor non-Gaussianities by several orders of magnitude [138]. A violation of any of the ba-
sic predictions of single- eld slow-roll models of in ation for gravitational waves (i.e., nearly
scale invariant, nearly Gaussian, parity conserving) would have profound implications for our
understanding of the dynamics of in ation.

2.6. The need for measurements from space

The COBE, WMAP, and Planck data sets are recognized as the reference experiments for their
respective CMB science goals. The success of these experiments depended on the advantages
of the space environment for making high- delity observations of the CMB. These advantages
include the following.

All frequencies are accessible, unlike on the ground where water and oxygen lines block
access and reduce the ability to build a detailed model of the foreground emission. In par-
ticular, space observations can measure frequencies far into the Wien tail of the CMB to
distinguish CMB uctuations from Galactic dust emission.

Detector sensitivity is higher in space than on the ground due to the absence of atmospheric
loading and the disparity increases rapidly with frequency, giving much better per-detector
leverage on Galactic dust measurements from space. As a rule of thumb, one detector in
space is equivalent to 100 detectors (of the same quality) on the ground.

The absence of atmospheric emission and its large brightness uctuations in space-based
measurements give high- delity maps on large angular scales corresponding to 2 < 30.
Bright sources such as the Earth and Sun are kept far from the boresight of the telescope
by a large angle, giving very low systematic errors due to pickup of those sources in the
telescope sidelobes.

LiteBIRD’s ability to measure the entire sky at the largest angular scales with 15 frequency
bands is complementary to that of ground-based experiments, which will focus on deep ob-
servations of low-foreground sky to search for an in ationary signal. LiteBIRD observations
have the potential to detect both the recombination peak at 80 and the reionization peak
at 4. As highlighted earlier, high signi cance detections of both peaks would provide rm
evidence that we have detected the signature of in ation. A primary science requirement for
LiteBIRD is to detect both peaks with greater than 50 signi cance for a relatively high value
of r=0.01. Detection of both peaks is necessary to distinguish between cosmological models
with a similar recombination peak, as discussed in the previous section. For all detectable val-
ues of r, the all-sky data from LiteBIRD can be tested for isotropy, which is a critical feature
of a true cosmological B-mode signal.

Finally, LiteBIRD can provide valuable foreground information for ground-based experi-
ments. Ground-based experiments can improve LiteBIRD’s observations with high-resolution
lensing data. The LiteBIRD data set will be timely, since it will be available at the same time as
ground-based CMB data from Chile and the South Pole, as well as other powerful cosmolog-
ical data sets such as those from the Vera C. Rubin Observatory, Euclid, and the Nancy Grace
Roman Space Telescope.
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2.7. Comparison with other probes

Several methods have been proposed for observing primordial gravitational waves other than
through CMB polarization measurements. These include future projects for a gravitational
wave interferometer [161], a technique using pulsar timing arrays [162,163], and a method us-
ing the 21-cm line [164]. The sensitivity of the CMB to primordial gravitational waves is much
better than those of the other probes, assuming the spectrum expected from standard cos-
mology; for instance, the sensitivity of LiteBIRD is about 10 million times greater than that
of LISA [160]. Therefore, the discovery of primordial gravitational waves seems dramatically
more likely to come from CMB observations in this case. Once the primordial gravitational
waves are discovered with CMB polarization observations, it will give us a concrete target for
future projects using other methods. In some non-standard models, primordial gravitational
waves can be enhanced at shorter wavelengths. Their observability by various probes including
that of LiteBIRD is discussed elsewhere [160] with the conclusion that LiteBIRD is competitive
even in those non-standard models.

3. LiteBIRD overview

3.1. Project overview

After some initial conceptual studies [165-169] that started in 2008, we proposed LiteBIRD in
2015 as JAXA's large-class (L-class) mission candidate. JAXA'’s L-class is for agship science
missions with a 30 billion yen cost cap. There will be three L-class missions in about ten years,
launched using JAXA’s H3 rocket. LiteBIRD passed an initial down-selection and completed a
two-year Pre-Phase-A2 concept development phase in 2018. JAXA selected LiteBIRD in May
2019 as the second L-class mission after MMX, the Martian Moons Exploration, which will
be launched in the mid-2020s.

The LiteBIRD Collaboration has more than 300 researchers as of January 2022, based in
Japan, North America, and Europe, with experience in CMB experiments, X-ray satellite mis-
sions, and other large projects in high-energy physics and astronomy. In particular, a large num-
ber of researchers who worked on the Planck satellite are members of LiteBIRD. We thus con-
sider LiteBIRD to be the successor to the Planck satellite.

LiteBIRD will survey the polarization of the CMB radiation over the full sky with unprece-
dented precision. The full success criterion of LiteBIRD is to achieve dr < 0.001 for a ducial
model with r = 0, where dr is the total error on the tensor-to-scalar ratio.

Speci cally, we de ne this as the value covering the 68% area of the posterior probability
function for r:

or

Qx,L—(r)dr =0.68. (20)
o L(ndr

The posterior, L(r), including both statistical and systematic components, will be described in

Sect. 5.

This section gives a concise overview of LiteBIRD. In Sect. 3.2, we describe our Level-1 mis-
sion requirements, or scienti ¢ requirements, and the rationale behind them. In Sect. 3.3, we
introduce our measurement requirements and their ow down to system requirements. After
describing the launch vehicle (Sect. 3.4), we introduce the spacecraft and the payload module
(Sect. 3.5), the service module (Sect. 3.6), and the operation concept (Sect. 3.7.)
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Table 1. The two basic science requirements for LiteBIRD, also called Level-1 (Lvl) mission
requirements.

ID Title Requirement description

Lv1.01 Tensor-to-scalar ratior ~ The mission shall measure r with a total uncertainty of
measurement dr <1 x 1073, This value shall include contributions from
sensitivity instrumental statistical noise uctuations, instrumental

systematics, residual foregrounds, lensing B-modes, and
observer bias, and shall not rely on future external data sets.

Lv1.02 Polarization angular The mission shall obtain full-sky CMB linear polarization maps
power spectrum for achieving >5¢ signi cance using2< <10and
measurement 11< =200 separately, assuming r =0.01. We adopt a
capability ducial optical depth of T = 0.05 for this calculation.

3.2. Science requirements

In Fig. 1 (Sect. 2 above), we summarized the present measurements of the CMB power spec-
tra, including B-modes, with the expected polarization sensitivities of LiteBIRD displayed. The
B-mode power is proportional to the tensor-to-scalar ratio, r, which has been observationally
constrained by BICEP/Keck to be r < 0.036 (95% CL) [12], with a recent update folding in a
re-analysis of Planck data yielding r < 0.032 (95% CL) [72,170] and r < 0.037 (95% CL) [171].
The next generation of CMB polarization experiments on the ground have the potential to ob-
serve the signal around 80, coming from the recombination epoch. However, if r is less
than approximately 0.03, the B-modes due to gravitational lensing become dominant. Remov-
ing contamination of the lensing B-modes, often called “delensing”, is needed in this case. In
contrast, the other primordial signal, at < 10, which is due to reionization, is larger than the
lensing B-modes, even for r = 0.001. In order to access the reionization peak, one needs to
survey the full sky, where the advantage of observing in space is clear.

The critical question is: to what precision should r be measured? Here we introduce the total
uncertainty on r, dr, which consists of ve components: (instrumental) statistical uncertain-
ties; systematic uncertainties; uncertainties due to contamination of foreground components;
uncertainties due to gravitational lensing; and uncertainties due to observer biases. There are
many different in ationary models under active discussion, which predict different values of r.
Among them, there are well-motivated in ationary models that predict r > 0.01 [30]. If our re-
guirement is 6r < 0.001, we can provide more than 10 ¢ detection signi cance for such models.
On the other hand, if LiteBIRD nds no primordial B-modes and obtains an upper limit on
r, then this limit will be stringent enough to set severe constraints on the physics of in ation.
As discussed in Sect. 2.4, if we obtain an upper limitatr 0.002, we can completely rule out
one important category of models, namely any single- eld model in which the characteristic

eld-variation scale of the in aton potential is greater than the reduced Planck mass.

Based on all the considerations described above, we decided to impose the requirements de-
scribed in Table 1. The rst, Lv1.01, shall be achieved without delensing using external data; if
external data are available, we may further reduce dr [172]. The second requirement, Lv1.02,
is essential to cover the case where r turns out to be large. If there are already indications of
the primordial B-modes before the observations by LiteBIRD, that would imply a relatively
large value of r. In this case, data from LiteBIRD will allow us to measure the B-mode signals
from reionization and recombination simultaneously. If the spectral shape is consistent with
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Table 2. De nitions of ve requirement levels used in LiteBIRD’s requirements ow down. We split
the requirements into ve levels, from the top-level science requirements (Lv1) to (instrumental) unit
requirements (Lv5). Each level is allowed to have a sub-structure; e.g., a Level-2 requirement Lv2.01 has
six sub-requirements (Lv2.01.01, Lv2.01.02,...).

Class Symbol Description
Mission requirements
Level 1 (Lv1) science Lv1.XX (e.g., Top-level quantitative science requirements that are
requirements Lv1.01) directly connected to the full success of the mission.
Level 2 (Lv2) Lv2.XX(.YY) (e.g., Measurement requirements to achieve Lv1.
measurement Lv2.01, Lv2.01.01) No assumption is made on an instrument.

requirements
Implementation trade-off studies

System requirements

Level 3 (Lv3) Lv3.XX(.YY) (e.g., Top-level implementation requirements for a chosen
integrated system Lv3.01, Lv3.01.01) instrument to achieve Lv2. Between Lv2 and Lv3 are
requirements trade-off studies for instrument selection.

Level 4 (Lv4) Lv4. XX(.YY) (e.g., Instrument requirements to achieve Lv3.
instrument Lv4.01, Lv4.01.01)

requirements
Level 5 (Lv5) unit Lv5.XX(.YY) (e.g., Requirements on units composing each instrument to
requirements Lv5.01, Lv5.01.01)  achieve Lv4.

expectations from the standard cosmology, that will narrow down the list of possible in a-
tionary scenarios, and provide a much deeper insight into the correct model. If we observe an
unexpected power spectrum, beyond the standard-model prediction, that will lead to a revolu-
tion in our picture of the physics of the early Universe. Lv1.02 also sets the angular resolution
requirement for LiteBIRD.

3.3.  Measurement requirements and system requirements
To satisfy the science requirements described in the previous section, we use the requirements
ow-down framework shown in Table 2. To derive Lv2 measurement requirements from Lv1
science requirements, we also consider program-level constraints, such as the cost cap, which
are not controlled by the LiteBIRD team. We use agreed-upon assumptions between the Lite-
BIRD team and other parties or within the LiteBIRD team; examples include assumptions on
the complexity of the astronomical foreground components, the cooling-chain lifetime, and ba-
sic system redundancy guidelines. There are in total 11 Lv2 measurement requirements on the
statistical uncertainty (Lv2.01), the systematic uncertainty (Lv2.02), the scan strategy (Lv2.03),
the angular resolution (Lv2.04), calibration measurements (Lv2.05), error budget allocation
(Lv2.06), systematic error budget allocation (Lv2.07), the duration of the normal observation
phase (Lv2.08), the orbit (Lv2.09), observer bias (Lv2.10), and noise-covariance knowledge
(Lv2.11). Our error budget (Lv2.06) is de ned such that an equal amount is given to the total
statistical error after foreground separation 0. and the total systematic error 0. The re-
quirements that we chose are thus o s < 0.6 %< 1072 on the statistical uncertainty (Lv2.01) and
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Osyst < 0.6 x 1073 on the systematic uncertainty (Lv2.02).> Since we assume no delensing using
external data, 0, includes uncertainties from the lensing B-mode component. Uncertainties
due to foreground separation are also in 0. The observer bias (Lv2.10) shall be much smaller
than o 4. The requirement on the statistical uncertainty (Lv2.01) has six sub-requirements on:
(1) CMB sensitivity; (2) dust emission; (3) synchrotron emission; (4) separation of CO lines; (5)
the number of observing bands; and (6) the observing frequency range. These are determined
through detailed simulation. We require full-sky surveys (Lv2.03) to obtain the B-modes to
the lowest multipole of = 2. The angular resolution (Lv2.04) shall be better than 80 arcmin
full width at half maximum (FWHM) in the lowest-frequency band in order to perform pre-
cision measurements at = 200. The regular observation phase (Lv2.08) shall be three years,
considering the total cost cap and cooling-chain lifetime. The lifetime is determined by the
degradation of working gas and moving parts of the mechanical coolers. The degradation is
suppressed through our technology development to assure the required lifetime. The satellite
shall be in a Lissajous orbit (Lv2.09) around the Sun—Earth L2 point to avoid the in uence of
radiation from the Sun, Moon, and Earth (discussed further in Sect. 3.7). Requirements on cal-
ibration measurements (Lv2.05, Lv2.11) and systematic error budget allocation (Lv2.07) will
be explained in Sect. 4.

Lv1 and Lv2 requirements are collectively called “mission requirements”. In general, several
possible designs meet mission requirements, and so we performed implementation trade-off
studies to choose the best design. We also considered program-level constraints and assump-
tions that we used to set Lv2 requirements.

Lv3 integrated system requirements constitute top-level system requirements. An essential
distinction between Lv2 and Lv3 is that Lv3 requirements are for the system chosen from trade-
off studies, while Lv2 measurement requirements do not assume a speci ¢ system in principle.
Lv3 requirements include general system requirements not only for mission instruments but
also for the bus system,® ground segments, and ground-support equipment. There are too many
Lv3 requirements to list here. The requirement ow’s tree structure is also too detailed to show,
since some Lv3 requirements derive from more than one Lv2 requirement; however, we will
explain some essential Lv3 requirements in Sect. 4.

3.4. Launch vehicle
LiteBIRD will be launched on an H3 [173], Japan’s new agship rocket. It will achieve greater
exibility, reliability, and performance at a lower cost than the currently used H-11A rocket.
The H3 rocket is under development through its prime contractor, Mitsubishi Heavy Industries,
with a maiden ight scheduled in 2022. The rst stage of the H3 rocket will adopt the newly
developed liquid engine, LE-9, which achieves a thrust 1.4 times larger than the LE-7A engine
currently in use. Its second-stage engine, LE-5B-3, and the solid rocket booster, SRB-3, will
also be improved. The launch capability of the H3 rocket to a geostationary transfer orbit will
be the highest ever among JAXA’s launch vehicles, exceeding that of the existing H-11A and
H-11B launch vehicles. The launch facility at Tanegashima Space Center will also be upgraded
following the development of H3.

5The requirement allows us to keep a suf cient margin to absorb additional noise penalty due to debi-
asing as described in Sect. 5.4.
®Also called the “service module”, or “SVM” for short.
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The design of the H3 rocket allows for several different con gurations. The rocket type is
de ned by the combination of the number of rst-stage engines (2 or 3), the number of solid
rocket boosters (0, 2, or 4), and the length of the fairing (short or long). These setups make it
possible to cope with various payload sizes and orbits. Considering the size, weight, and orbit
of LiteBIRD, we plan to adopt the H3-22L con guration, which means two rst-stage engines,
two boosters, and a long fairing. The estimated launch capability with this con guration is
larger than 3.5t. We thus set a provisional requirement on the total weight of LiteBIRD as
< 3.5t. This requirement may be updated after the rst ight of the H3 rocket.

In most cases, the launch environment of H3 is expected to be similar to or more moderate
than that of H-11A. Details of the launch environment may depend on the rocket con guration,
especially on the number of solid rocket boosters, the satellite mass, and the ight path. We
conservatively assume the launch environment of H-11A in general for the design of LiteBIRD.
However, when the launch environment is critical in the design, such as for the mechanical
requirement on the fundamental frequency of the satellite, we adopt requirements based on
the current best estimation of the performance of H3.

3.5.  Spacecraft overview

The overall structure of the spacecraft for LiteBIRD is determined directly from the mission
requirements. The axisymmetric shape of the spacecraft is selected for reducing the moment
of inertia to make the spin easier. We chose to place the payload module (PLM), including the
telescopes, at the top of the spacecraft and the solar panels at its bottom, perpendicular to the
spin axis. The high-gain antenna should be placed on the bottom side of the satellite, i.e., oppo-
site the mission instruments, to point to the Earth and reduce interference with the telescopes.
Based on these considerations, we show the basic structure of the spacecraft in Fig. 5.

In this con guration, the whole spacecraft spins, and the possibility of using a slip-ring to
rotate only the PLM is not adopted. The main reasons for this selection are to handle large
heat dissipation in the PLM and to reduce the possibility of a single-point failure. The PLM
is equipped with mechanical coolers, which dissipate a fairly large amount of heat. A radiator
of suf cient size to dissipate the heat can be equipped only in the service module (SVM) and
it is not easy to transfer heat from the spinning PLM through the slip-ring to a non-spinning
SVM. The slip-ring introduces a single point whose failure would be critical for the mission.
Furthermore, a slip-ring might produce micro-vibration and could increase the detector noise
signi cantly. For these reasons, we decided to rotate the whole spacecraft and not to adopt the
slip-ring.

The spacecraft has a thrust tube at its center, which transfers the PLM launch load to the
rocket. We will install the fuel tank inside the thrust tube to utilize the inner space effectively.
The insides of the side panels are used to mount various electric components of both the SVM
and PLM. PLM components are preferentially placed on the upper parts of the side panels,
whereas SVM components are on the lower parts of the side panels. The outer sides of the
upper parts of the side panels are used to mount radiators, which radiate the heat dissipated in
the PLM, such as from the mechanical coolers and electronics boxes.

We show a block diagram of the spacecraft in Fig. 6. The LiteBIRD spacecraft uses a typical
satellite con guration. Observation of the entire sky is conducted through the scan strategy
that is detailed in Sect. 5.1. The slow spin rate of 0.05 rpm makes it possible to adopt three-axis
attitude control that satis es the LiteBIRD attitude accuracy requirements, even if the space-
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LFT: low frequency telescope
Mass: 2.6 t MFT: medium frequency telescope
Power: 3.0 kW 6\)\6 HFT: high frequency telescope
Data: 17.9 GB/day | Bus system
(or Service
Module, SVM) V-grooves

(for radiative cooling)

Solar panels

High-gain antenna
(for data transmission)

Sun shield

Star tracker

Fig. 5. Conceptual design of the LiteBIRD spacecraft. The payload module (PLM) houses the low-
frequency telescope (LFT), the mid-frequency telescope (MFT), and the high-frequency telescope
(HFT).
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Fig. 6. Block diagram of the spacecraft for LiteBIRD. Boxes with broken lines represent electric equip-
ment, while those with solid lines are subsystems composed of multiple equipment types. Lines and
arrows connecting boxes are only representative.

24/143

£20z Jequierdes oz uo 1senb Aq 0Z#S£89/104210/v/€20Z/el01e/de1d/woo dno-ojwepeoe//:sdiy wolj pepeojumoq



PTEP 2023, 042F01 E. Allys et al.

craft spins. The spacecraft will have a total weight of 2.6 t, including the fuel of approximately
400 kg, and a total height of 5.3m. Thus the current weight has a large margin compared to
the rocket’s capability. We estimate the total power of the spacecraft to be 3.0 kW. The down-
link rate will be 10 Mbps in the X band and will transfer a total of 17.9 GB of scienti ¢ data
every day. All these parameters are subject to change as the conceptual design of the satellite
continues to be developed.

3.6. Service module

The service module (SVM) of LiteBIRD includes an attitude orbit-control system (AOCS),
thermal control system, communication system, data-handling system, power system, and
other subsystems. The SVM of LiteBIRD utilizes existing technology as much as possible to
reduce the development cost and risks. In what follows, we brie y describe some characteristics
of the SVM.

LiteBIRD is a zero-momentum, three-axis stabilized spacecraft designed to realize the re-
quired pattern of an all-sky survey, i.e., the combination of spin and precession. Momentum
wheels (MWs) are used to control the attitude of the spacecraft, and the reaction control system
(RCS) is used to unload the MWs and to control the orbit. Because the spacecraft is operated
with zero momentum, relatively large MWs are required to cancel the angular momentum due
to the spin. The MWs also cancel the spin-axis component of the angular momentum due to
the polarization modulators. Other wheels are used to control the precession of the spacecraft.
The spacecraft receives a small amount of external torque even at L2, mostly from solar radi-
ation. This causes a steady increase or decrease of the rotational frequencies of the MWs, and
thus the RCS is used to unload the MWs regularly. The RCS also provides the required V for
the initial correction of the orbit and for the orbit insertion at L2. In addition, we use the RCS
once every few months to correct orbit errors, since L2 is a gravitational saddle point and any
orbit around it is intrinsically unstable.

The AOCS uses star trackers (STTs) and inertial reference units (IRUs) to determine the
spacecraft’s attitude because a good attitude solution is required for LiteBIRD. The spin rate of
0.05 rpm corresponds to 0.3 degs™. This spin speed is easily handled by the currently available
STTs and the degradation of the attitude solution is negligible. The situation is the same for the
currently available IRUs. We expect that the STTs can track stars continuously, but the IRUs
will be used to interpolate the attitude in case the STTs temporarily fail to track stars.

A thermal control system keeps the temperature of the on-board components in the required
range. This is not easy when some of the components have large heat dissipation or require tight
temperature stability. Components with large heat dissipation are the mechanical coolers, their
drivers, and the signal-processing units. Adiabatic demagnetization refrigerator controllers and
SQUID controller units require tight temperature stability. The total heat dissipation of the
payload module is about 1.4 kW. Because there is no room in the payload module for suf cient
radiators for this amount of heat dissipation, radiators are placed on the upper parts of the side
panels of the spacecraft. The total area of the radiators may be estimated to be approximately
10 m2. Heat pipes may be used to transfer heat from the components to the radiators. When
accurate temperature control is required, heaters are used in combination with the radiators.

LiteBIRD uses the X band for telemetry and command (and ranging), and also for the down-
link of the mission data. The main reason to use the X band for telemetry and command is that
the primary GRound station for deep space Exploration And Tele-communication (GREAT)
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supports only the X band, not the S band, for uplink. We will also use the 34-m antenna at Uchi-
noura Space Center (USC) as a secondary station. Because GREAT is the only deep space
station in Japan, many interplanetary satellites will use the station. The secondary station is
useful when GREAT is unavailable due to tracking other satellites. However, the USC 34-m
antenna is smaller than GREAT (54-m antenna), and so the downlink rate at USC 34m will
be only 1/3 of that of GREAT. The required downlink rate for the mission data, 10 Mbps, will
be achieved only with GREAT. To achieve this rate, we will use a parabolic antenna with a
diameter of 0.5 m mounted on a 2D gimbal with 20 W of output power. The total amount of
mission data is estimated to be 17.9 GBd™!. This means that approximately 4.5 h are needed
for the downlink of the mission data every day.

The power system and data-handling system of LiteBIRD use the heritage of past JAXA
science missions, such as ASTRO-H, as much as possible. Thus we adopt Space Wire for the
on-board data-handling system. This makes the interface checks of the electronic components
easier. We adopt a 50 V unregulated bus for the power system. Because of the scan strategy, the
solar array panels (SAPs) recei\@ solar radiation at an incident angle of 45°. This may reduce
the ef ciency of the SAPsby 1/ 2, but we selected xed panels to make the system simple. We
choose the SAPs to be close to disk-shaped to avoid diffraction of microwaves from the Sun
interfering with the telescopes.

3.7.  Operation concepts

3.7.1.  Basic principles of operation. Because LiteBIRD needs to observe the whole sky as
much as possible, we adopt the following principles of operation: (1) LiteBIRD does not make
real-time observations or target-of-opportunity (TOO) observations, but continuously makes
an all-sky survey; (2) mission data will be downlinked to the primary tracking station, GREAT,
once a day for a duration of about 4.5 h; (3) observations may be interrupted during the un-
loading of the MWs and orbit-keeping maneuvers; and (4) precession of the spacecraft may be
stopped and observations may be interrupted in the case of an emergency in the SVM, such as
a hardware failure.

In what follows, we describe the outline of mission operation for each operations phase.

3.7.2.  Outline of operation. LiteBIRD will be launched from the Tanegashima Space Center
with the H3 rocket. It will be directly inserted into an orbit that approaches the L2 point. Soon
after separation from the rocket, the spacecraft establishes three-axis controlled attitude and
deploys solar panels to obtain enough power. Then, the spacecraft starts to spin, but not to
precess, in order to achieve uniform temperature distribution around the spin axis, which is
followed by an initial checkout of the SVM. This initial operations phase and checkout will
take approximately a week.

After the initial checkout of the SVM, we will start the health check of the PLM. The launch-
locks of the PMUSs are released after the health check. The half-wave plate will be supported by
the holding mechanism. We then start cooling the telescopes with a combination of radiative
cooling and the shield cooler. The Joule-Thomson (JT) coolers and the adiabatic demagneti-
zation refrigerators (ADRs) are turned on at the appropriate timing. This initial cooling takes
a relatively long time, approximately 70 or 80 d. When the nominal operation temperature of
the focal-plane detectors is reached, their function and performance are checked. Thus most
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of the cruising phase out to L2, which may last approximately 100 d, will be spent on initial
cooling.

When the spacecraft arrives at L2, an insertion maneuver into the Lissajous orbit will be car-
ried out. Then, test observations are conducted in the all-sky scanning mode, i.e., combination
of precession and spin. Various functions and the performance of the mission instruments are
veri ed, and operational parameters are optimized.

When the test observations are completed, regular observations begin and continue for three
years. In this phase, all-sky survey observations are conducted steadily and we obtain as much
data as possible. Our scan strategy is described in Sect. 5.1. As for calibration of the instru-
ments, our baseline plan is to rely on data from the regular observations, not to pause them
for special calibration data taking. Our in- ight calibration plan is discussed in more detail in
Sect. 4.8. After these regular observations, we may extend the mission, if approved by the Japan
Aerospace Exploration Agency (JAXA) review.

3.8. Data processing and analyses

CMB missions typically scan the sky continuously with many detectors at multiple frequencies,
measuring temperature and linear polarization, while simultaneously recording the orientation
of the telescope. The time-ordered data (TOD) then consist of the time stamp, observation
direction determined by satellite attitude monitor, HWP position, thermal and electric monitor
for the instruments, and the measured signal for each detector sample. The measured signal
includes not just the CMB, but also emission from astrophysical foregrounds, together with
other systematic effects, as well as instrumental noise.

The processing of CMB experimental data can be described as a series of steps that move
from the TOD to sky maps at each frequency, which are then separated into different physical
components. The statistics of the CMB map are nally compared to the cosmological pre-
diction from theoretical models. These data-processing steps, indicated in Fig. 7, reduce the
statistical and systematic uncertainties in the data, rst reducing the systematic contamination
by appropriate mitigation in a given data domain, and then reducing the dimensionality of the
data set by exploiting its redundancies to project onto a lower-dimensional domain.

Systematic mitigations include removing glitches (e.g., from cosmic-ray hits) in the time do-
main, separating the CMB from the astrophysical foreground components in the map do-
main, and quantifying contamination from unresolved emission sources in the spectral domain.
Throughout the analysis process we also have to account for non-idealities in the instrument,
both optical (e.g., from asymmetric and mismatched beams, including sidelobes, differences in
the bandpass for each detector) and electronic (e.g., gain drift, non-linearity, and crosstalk).

Finally, we need an accurate description of the uncertainties in the products and their correla-
tions. The data volumes that we need to amass in order to detect the tiny CMB signals preclude
exact analyses, and so we typically use Monte Carlo methods for debiasing and forward prop-
agation of uncertainties. We therefore need to be able to generate and reduce large numbers of
very accurate simulated data sets, whose input mission and sky models are themselves informed
by our analyses of the satellite data.

With 4508 detectors sampling at 19.1 Hz for three years, the LiteBIRD mission will gather 8 %
10*? detector samples. Manipulating this data volume while capturing all of the correlations in
the CMB signals, foregrounds, and instrumental noise and systematics, with suf cient precision
to yield reliable, unbiased results, is a computationally challenging task, requiring the use of
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Fig. 7. Flowchart indicating the sequence of steps leading to the determination of cosmological param-
eters from mission TOD via several intermediate products that can also be scienti cally exploited. Note
the iterative nature of the processing.

state-of-the-art high-performance computing systems. Similarly, tracking the provenance of
all of the data products, including the myriad data cuts used to check the robustness of the
analysis, requires dedicated databases accessible to all collaboration members. The biggest data
challenges for LiteBIRD will be removing astrophysical foreground contamination using the
sky maps at the 15 observing frequency bands (Sect. 5.2), and mitigating systematic effects and
precise characterization of their residuals (Sect. 5.3).
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Table 3. LiteBIRD sensitivities. We show the values related to the sensitivity in 15 frequency bands. From
left to right the columns are: the telescope covering the band; the band identi cation number; the band
center frequency in GHz; the bandwidth in GHz and its ratio; the main beam FWHM in arcmin; the
detector pixel size in mm; the number of bolome\;ers used; the NET value of a single detector in uK s;

and the NET value of the detector array in pK

Tel. ID Y ov (dv/v)  Beamsize Det. pixel No.of NET de\;eictor NET ayray
[GHZz] [GHZz] [arcmin]  size [mm]  bolo [UK " s] [MK 5]
LFT 1 40 12 (0.30) 70.5 32 48 114.63 18.50
LFT 2 50 15 (0.30) 58.5 32 24 72.48 16.54
LFT 3 60 14 (0.23) 51.1 32 48 65.28 10.54
LFT 4 68 16 (0.23) 41.6 16 144 105.64 9.84
16 (0.23) 47.1 32 24 68.81 15.70
8.34 (comb.)
LFT 5 78 18 (0.23) 36.9 16 144 82.51 7.69
43.8 32 48 58.61 9.46
5.97 (comb.)
LFT 6 89 20 (0.23) 33.0 16 144 65.18 6.07
415 32 24 62.33 14.22
5.58 (comb.)
LFT 7 100 23(0.23) 30.2 16 144 54.88 5.11
MFT 37.8 11.6 366 71.70 4.19
3.24 (comb.)
LFT 8 119 36 (0.30) 26.3 16 144 40.78 3.80
MFT 33.6 11.6 488 55.65 2.82
2.26 (comb.)
LFT 9 140 42 (0.30) 23.7 16 144 38.44 3.58
MFT 30.8 11.6 366 54.00 3.16
2.37 (comb.)
MFT 10 166 50 (0.30) 28.9 11.6 488 54.37 2.75
MFT 11 195 59 (0.30) 28.0 11.6 366 59.61 3.48
HFT 28.6 6.6 254 73.96 5.19
2.89 (comb.)
HFT 12 235 71 (0.30) 24.7 6.6 254 76.06 5.34
HFT 13 280 84 (0.30) 225 6.6 254 97.26 6.82
HFT 14 337 101 (0.30) 20.9 6.6 254 154.64 10.85
HFT 15 402 92 (0.23) 17.9 5.7 338 385.69 23.45
Tot. 4508

4. Payload module of LiteBIRD
4.1. Overview
The LiteBIRD PLM consists of three telescopes—at low, medium, and high frequencies—with
their respective cryostructure and focal planes cooled down to 0.1 K. The PLM also includes
the global cooling chain from 300 K to 4.8 K, and room-temperature elements, such as drivers
and warm readout electronics of the detectors. Requirements for the PLM have been derived
from the top-level requirement of achieving a tensor-to-scalar ratio error of dr < 0.001 (see
Sect. 3.2). Table 3 gives information on the frequency bands, beam sizes, and noise-equivalent
temperatures (NETSs) for each of the 15 frequency channels. A discussion of the NET calcula-
tions is given in Sect. 5.1.

The LiteBIRD requirements imply technical challenges for the PLM, in terms of sensitivity,
optical properties, stability, or even compactness, over a wide range of frequencies, from 34 to
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448 GHz. In order to achieve such a challenging set of scienti ¢ requirements, an important
feature of LiteBIRD is its observing strategy, focusing on the largest scales over the sky to
maximize the signal expected from the reionization and recombination peaks of the B-mode
power spectrum, which requires an unprecedented sensitivity over multipoles 2 < < 200. This
demands only reasonably low resolution for the telescopes (<80 arcmin), but associated with a
strong control of the systematics in order to minimize the 1/f noise.

In this context, a critical technical choice made for LiteBIRD was to use as the rst optical el-
ement a continuously rotating half-wave plate (HWP). This allows us to distinguish between the
instrumental polarized signal and the sky signal, which is modulated at 4fp. While, without
the HWP, data from a pair of detectors mutually orthogonal in their polarization orientations
are usually combined, causing leakage from temperature to polarization if there are any differ-
ences in the beams, gains, or bandpasses between the two detectors, this can be removed through
the use of HWPs that enable us to measure the polarization using a single detector. Lastly, the
presence of the continuously rotating HWP performs an effective suppression of the 1/f noise.
A detailed trade-off analysis, including the polarization effects induced by the HWP itself, has
been carried out between the two cases, i.e., with and without the HWP, demonstrating that the
performance without HWP is expected to have potential large systematic effects compared with
that with HWP, as described in Sect. 5.3.1. Hence, in order to guarantee appropriate thermal
performance in terms of stability and minimal heat load, the three telescopes will be equipped
with polarization modulator units (PMUSs) continuously rotating at a few Hz around a stable
temperature below 20 K, using a magnetic levitating mechanism with superconducting bearing,
as described in more detail in Sects. 4.2.4 and 4.3.3.

The distribution and the number of bands over a wide range of frequencies, from 34 GHz
to 448 GHz, have been optimized to deal with the following constraints: the spectral resolution
has to ensure the appropriate characterization of the expected complexity of the spectral energy
distribution of the synchrotron and dust Galactic foregrounds, leading to 15 broad and partially
overlapping bands; the limited frequency range of HWP materials (sapphire and metal mesh)
and associated anti-re ection coating required us to split into three telescopes; the spectral
mapping of the CO lines has to be optimized by rejecting such molecular lines from some
of the bands and including them in others (notice that notch Iters have not been included,
since it has been demonstrated that temperature-to-polarization leakage from CO lines is highly
reduced by the rotating HWP); and nally an overlap between bands and instruments had
to be foreseen to mitigate systematic effects. We ended up with the following distribution: a
re ective telescope at low frequency (see Sect. 4.2), the LFT (34-161 GHz), and two refractive
telescopes at middle and high frequencies (see Sect. 4.3), the MFT (89-225 GHz) and HFT
(166-448 GHz), asillustrated in Fig. 8. The MFT and HFT telescopes are mounted on the same
mechanical structure, and point in the opposite direction compared to the LFT, but cover the
same circle over the sky when spinning.

The focal planes of the three telescopes with large elds of view (18~ x 9° for LFT, and 28°
diameter for MFT and HFT) are populated with multichroic polarized transition-edge sen-
sor (TES) detectors (one to three bands per pixel). This multichroic technology allows for a
very compact design with suf cient exibility on the optimization of the sensitivity per band
that is needed to improve the performance of the component-separation techniques. Two de-
tector technologies have been used, lenslet-coupled detectors for the LFT and MFT, and horn-
coupled detectors for the HFT, for a total of 4508 detectors cooled down to 100 mK, as detailed
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Fig. 8. Payload module overview showing the surrounding V-grooves acting as passive coolers up to 30 K,
with the 4.8-K enclosure of the low-frequency crossed-Dragone telescope in the front, and the two 4.8-K
tubes of the mid- and high-frequency on-axis telescopes in the back.

in Sect. 4.4. The readout electronics takes advantage of the frequency multiplexing scheme to
accommodate this large set of detectors without loss of information and minimal power dissi-
pation on the focal planes.

The temperature stability of the instruments is another crucial point for CMB B-mode polar-
ization probes because of the following aspects: the temperature uctuation of the optical com-
ponents contributes to noise stability and 1/f noise; and temperature variation of the mechani-
cal structures has a direct impact on pointing stability. Hence the three LiteBIRD telescopes are
fully cooled down to 4.8 K, minimizing the heat load on the focal planes. The proposed 300-K
to 4.8-K cryogenic chain for LiteBIRD is based on the architecture developed as part of the
SPICA-SAFARI mission. It combines radiative cooling (\V-grooves) down to 30 K combined
with mechanical cryo-coolers to provide cooling to temperatures down to about 4.8 K. In its
current de nition, a 15-K pulse-tube cooler associated with three V-groove radiators, respec-
tively at 160 K, 90 K, and 30 K, intercepts part of the thermal loads. Then, one helium JT loop
(4-K JT, “He), pre-cooled by two 2-stage Stirling coolers (100 K/20 K). All telescopes have in-
termediate cold stages at 1.75 K and 0.35 K between their mechanical enclosure at 4.8 K and
the detectors at 0.1 K. The 1.75-K cooler is based on a 2-K Joule-Thomson cooler, to provide a
continuous cooling at 1.75 K. The sub-kelvin cooler is made of two ADR stages in series to pro-
vide stable and continuous cooling at 0.35 K, combined with two other ADR stages in parallel
for the 0.1-K stage. Again, the design of this cryochain has been optimized to ensure maximum
stability of the temperature of the focal planes and the optical elements of the telescopes.

In the following sections, we provide more details on the instrumental setup, following the
natural path of the scienti ¢ signal, i.e., starting with the optical and mechanical descriptions
of the LFT (Sect. 4.2) and MFT and HFT (Sect. 4.3) telescopes. Since the detection chain of
the three telescopes follows a common architecture, it is globally described in Sect. 4.4 for LFT,
MFT, and HFT, while the global electrical architecture of the PLM is detailed in Sect. 4.6. A
description of the whole cooling chain from 300 K down to 100 mK is provided in Sect. 4.7.
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Fig. 9. Overview of the low-frequency telescope (LFT). The mid- and high-frequency telescopes and side
panels are not shown for clarity.

Finally, the ground and in- ight calibration plan of the whole instrumental setup is discussed
in Sect. 4.8.

4.2. Low-frequency telescope

4.2.1.  Overview. With an aperture diameter of 400 mm and an angular resolution ranging
from 24 to 71 arcmin, LFT consists of nine broad frequency bands spanning 34 to 161 GHz,
in order to cover the spectral domains of both CMB and synchrotron radiation emission. It is
operated at a cryogenic temperature of 4.8 K to reduce the optical loading, and surrounded by
radiators called V-grooves, acting as passive coolers. The LFT optical design follows a crossed-
Dragone con guration, with an antenna made of aluminum. As the rst optical component,
a polarization modulator unit (PMU), consisting of a continuously rotating transmissive half-
wave plate, is mounted in front of an aperture stop, allowing us to minimize straylight contam-
ination. The LFT focal plane is based on multichroic TES detectors cooled down to 100 mK,
as described in Sect. 4.4.1. A frame structure at 5 K supports all components: the PMU;; focal
plane; primary and secondary re ectors; and absorbers. An overview of the LFT is presented
in Fig. 9, introducing the various components listed above.

Performance requirements of the LFT are described in Ref. [178] and a design ow is shown
in Fig. 10. Starting from an optical design satisfying the instrument requirements, we proceeded
with physical optics simulations and by completing the structural design to correctly match the
interface requirements. A scaled version of LFT has allowed us to validate the models based
on the scaled model measurements [174].

4.2.2. Optical design. The challenges of LiteBIRD include its wide eld of view (FoV) and
broadband capabilities for millimeter-wave polarization measurements, which are derived from
the sensitivity requirements. The wide FoV corresponds to a large focal-plane area, so that a
detector pixel has different spill-over or edge-taper at re ectors depending on the pixel position
on the focal plane. Possible paths of straylight increase with a wider FoV. After various trade-
off studies of various optical con gurations, including a front-fed Dragone [179], we concluded
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