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Abstract LiteBIRD is a candidate satellite for a strategic large mission of JAXA. With
its expected launch in the middle of 2020’s with a H3 rocket, LiteBIRD plans to map the
polarization of the cosmic microwave background (CMB) radiation over the full sky with
unprecedented precision. The full success of LiteBIRD is to achieve 8r < 0.001, where 8r
is the total error on the tensor-to-scalar ratio r. The required angular coverage corresponds
to 2 < ¢ < 200, where ¢ is the multipole moment. This allows us to test well-motivated
cosmic inflation models. Full-sky surveys for three years at a Lagrangian point L2 will be
carried out for 15 frequency bands between 34 and 448 GHz with two telescopes to achieve
the total sensitivity of 2.5 uK-arcmin with a typical angular resolution of 0.5° at 150 GHz.
Each telescope is equipped with a half-wave plate system for polarization signal modulation
and a focal plane filled with polarization-sensitive TES bolometers. A cryogenic system
provides a 100 mK base temperature for the focal planes and 2 K and 5 K stages for optical
components.

Keywords Cosmic Inflation, Cosmic Microwave Background, B-Mode Polarization,
Primordial Gravitational Wave, Quantum Gravity, Satellite

1 Introduction

Although the Big Bang theory has been tested well by many observations, there are a num-
ber of critical problems that remain unanswered. The leading theory today to resolve the
problems is cosmological inflation, which hypothesizes that our universe went through an
accelerating expansion at the very early stage before the hot Big Bang.

The cosmic inflation predicts that primordial gravitational waves were created during
the inflationary era. The primordial gravitational waves should have imprinted a special
signature, called the B-mode, in the polarization patterns of the CMB. 1>3* Measurements
of the polarization of the CMB are known as the most sensitive probe for the primordial
gravitational waves. Yet a state-of-the-art technology is required for detection, since the
B-mode signal is expected to be much fainter than the ordinary pattern called E-mode.

LiteBIRD is a satellite for stringent tests of the cosmic inflation by performing a full-
sky CMB polarization survey at degree scales. In JAXA’s strategic large mission program
for space science, three satellites are planned to be launched in the next 10 years. A launch
window in the middle of 2020’s is the target for LiteBIRD. After passing the initial selection,
LiteBIRD is currently one of two candidates in Phase-A1 of Institute of Space and Astro-
nautical Science (ISAS) at JAXA for concept development. A global joint study group has
been formed with researchers from Japan, U.S., Canada and Europe to carry out Phase-Al
studies. The final selection will take place in 2019.
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Fig. 1 Summary of present measurements of CMB B-mode power spectra and expected sensitivity of Lite-
BIRD. Circles with vertical bars show central values and errors, while triangles are upper limits.

The present measurements of CMB B-mode power spectra are summarized in Fig. 1,
with the expected sensitivities of LiteBIRD. The B-mode power is proportional to the tensor-
to-scalar ratio, r, which is observationally constrained to be r < 0.07°. The next-generation
CMB polarization experiments may see a hint at the signal around ¢ ~ 100, which is due to
recombination. If 7 is less than ~0.03, however, the B-mode due to gravitational lensing be-
comes dominant. Removing contamination of the lensing B-mode, often called “delensing”,
is needed in this case. In contrast, another excess in £ < 10, which is due to reionization, is
larger than the lensing B-mode even at » = 0.001. In order to access the reionization peak,
one needs to survey the full sky, where the advantage of observations in space is clear.

The full success of LiteBIRD is to achieve 6r < 0.001 without delensing, for a multiple
range 2 < ¢ < 200. Here 6r is the total uncertainty on r, which consists of five compo-
nents: (instrumental) statistical uncertainties; systematic uncertainties; uncertainties due to
contamination of foreground components; uncertainties due to gravitational lensing; uncer-
tainties due to observer biases. Many inflationary models predict r > 0.01, for which Lite-
BIRD will provide more than 100 statistical significance. If LiteBIRD finds no primordial
B-mode, an upper limit of » < 0.002 at 95% C.L. will be obtained. This will exclude many
well-motivated inflationary models, and give a severe constraint on physics of inflation. If
some indication of the primordial B-mode is obtained prior to observations by LiteBIRD,
it implies a fairly large value of r. In this case, data from LiteBIRD will allow us to mea-
sure the B-mode signals from reionization and recombination simultaneously. If the spectral
shape is consistent with the expectation from the standard cosmology, it will drastically nar-
row down the list of possible inflationary models, and provide a much deeper insight on the
correct model of inflation. If we observe a totally unexpected power spectrum beyond the
standard model, that will lead to revolution in our picture of the universe.
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In any case described above, the measurement of the primordial B-mode at LiteBIRD
will also be the first stringent test of quantum gravity, which should exist behind any infla-
tionary model. Here quantum gravity means a theory that copes with two pillars of physics,
1) Einstein’s theory of general relativity that describes gravity, and 2) quantum physics, in a
single framework.

To achieve the full success, our uncertainty budget is defined such that an equal amount,
(1/ \/§) x 1073 =0.57 x 1073, is given to each of the following three components; the total
statistical uncertainty after the foreground separation Oy, the total systematic uncertainty
Osyst> and a margin. The requirements are thus O < 0.57 ¥ 1073 and Ogyst < 0.57 X 1073,
Since we assume no delensing with external data, Oy, includes those from the lensing B-
mode component and additional uncertainties due to foreground separation. The observer
bias needs to be much smaller than Oyyg.

3 System Overview

Table 1 shows baseline specifications of LiteBIRD, which were adopted at the beginning
of the Phase-A1 concept development in 2016, except that the orbit and scan strategy have
been modified in 2017. JAXA’s H3 rocket will be used to launch and put LiteBIRD into an

[ Item | Specification |
Launch year 2026-2027
Launch vehicle JAXA H3
Observation type All-sky CMB surveys
Observation time 3 years
Orbit L2 Lissajous orbit
Scan strategy Spin and precession (ot = 45°, f = 50°)
Observing frequencies | 34 — 448 GHz
Number of bands 15
Sensitivity 2.5 uK-arcmin (3 years)
Angular resolution 0.5° at 100 GHz (FWHM)
Mission instruments - Superconducting detector arrays
- Polarization modulator with continously-rotating half-wave plate (HWP)
- Crossed-Dragone mirrors (LFT) + small refractive telescope (HFT)
- 0.1K cooling chain (ST/JT/ADR)
Data size 4 GB/day
Mass 22t
Power 2.5 kW

Table 1 Main specifications of LiteBIRD. Parameters are from the Phase-A 2016 baseline, except the orbit
and the scan strategy.

orbit around one of Sun-earth Lagrangian points known as L2 for full-sky surveys for three
years. A Lissajous orbit is our new choice due mainly to the better thermal condition than
halo orbits. In our scan strategy (Fig. 2), the spacecraft spins about the spin axis at 0.1 rpm.
The spin axis itself also rotates but at a much slower rate; the current studies range from 90
minutes to nearly a day. The spin axis is canted o@ = 45° off the Sun-L2 axis. The angle 8
between the boresight and the spin axis is 50°.

The requirements on the scan strategy include good thermal stability, good uniformity on
the moving direction of boresight pointing across each sky pixel (“attack angle” uniformity),
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Fig. 2 Scan strategy of LiteBIRD in a Lissajous orbit around L2.

good observation uniformity on sky pixels, large daily sky coverage, and short revisit times
for each sky pixel. These are important to mitigate instrumental systematic uncertainties.

A typical angular resolution is 30 arcmin at 150 GHz, which is sufficient to detect both
reionization and recombination peaks of the B-mode power spectrum. We require measure-
ments with 15 frequency bands between 34 and 448 GHz to achieve the total sensitivity of
2.5 uK-arcmin with three years of observation. The lensing B-mode behaves as the external
noise unless delensing is applied. It is therefore important that the total sensitivity is well
below the lensing “floor”, which is approximately at 5 gK-arcmin. The main reason for re-
quiring 15 frequency bands is foreground separation. Detailed foreground separation studies
already show promising results®.

Figure 3 shows an overview of the baseline mission payload design of LiteBIRD defined
at the beginning of Phase-A1, which is called the 2016 baseline hereafter. Since the goal of
Phase-Al is to improve the design through various tradeoff studies, the final configuration
at the end of Phase-A1 may look different. Nevertheless the 2016 baseline design has all the
key features one needs to consider.

a) Satelite b) Payload Module ¢) Low Freguency Telescope d} High Frequency Telescope
LM) (LFT) (HFT)
Incident
racvat.mn / |
Rotating HWP " | Incident
at aperture (~5 K) '*';g F‘ara]l\el " radiation
. 24 spin axis , HWE
ary . &stop
mimor A 200 mm 5K)
(4K g £i77 J T
| Focal Si lenses
| plane 7 (<10K)
. {01K) p"
St ,%an/
Primary mirror (4K} 400 mm @ 7,;

Fig. 3 Conceptual design of LiteBIRD. The payload module (PLM) houses a low frequency telescope (LFT)
and a high frequency telescope (HFT).

There are two telescopes, each equipped with a continuously-rotating half-wave plate
(HWP) system for polarization signal modulation and a focal plane filled with polarization-
sensitive TES bolometers. A cryogenic system provides a 100 mK base temperature for
the focal planes and 2 K and 5 K stages for optical components. We will use the crossed
Mizuguchi-Dragone configuration for the low frequency telescope (LFT). The diameter of
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the primary mirror is about 80 cm. In order to mitigate sidelobes sufficiently, we place a
cold stop at the sky side of the primary mirror, which determines the aperture. The aperture
diameter is 40 cm. We will adopt a continuously-rotating HWP with a diameter of 45 cm and
a spin rate of about 1Hz at the most sky side near the cold stop. Since the HWP will also be
cooled below 10 K, we plan to use superconducting magnetic bearing for the HWP rotator.
More details on our HWP development are shown elsewhere’. The focal plane detector

Freq. | Opwim | AV/v | Pixel | Ngg | NETgq | NETL,. | NETE, . o,
(GHz) | (arcmin) size (UKVs) | (uKys) | (wKy/s) | (uK-arcmin)
(mm)
40 69 0.30 18.0 114 172 18.0 25.5 37.5
50 56 0.30 18.0 114 96 11.5 16.3 24.0
60 48 0.23 18.0 114 79 9.5 13.5 19.9
68 43 0.23 18.0 114 64 7.8 11.0 16.2
78 39 0.23 18.0 114 54 6.5 9.2 13.5
89 35 0.23 18.0 114 47 5.6 8.0 11.7
100 29 0.23 12.0 296 59 4.4 6.2 9.2
119 25 0.30 12.0 222 42 3.7 5.2 7.6
140 23 0.30 12.0 296 38 2.8 4.0 5.9
166 21 0.30 12.0 222 36 3.1 4.4 6.5
195 20 0.30 12.0 296 37 2.8 3.9 5.8
235 19 0.30 12.0 222 43 3.7 5.2 7.7
280 24 0.30 5.4 128 55 6.3 8.9 13.2
337 20 0.30 4.5 128 81 9.4 13.2 19.5
402 17 0.23 4.0 128 156 18.0 25.5 37.5
Total 2622 1.2 1.7 2.5

Table 2 Focal plane parameters of the 2016 baseline design of LiteBIRD. In the calculation, the aperture stop
temperature is 2 K, mirrors for LFT and lenses for HFT are at 5 K. The NET values include a margin (13%),

and the expected noise on the polarization signal on a sky pixel (@, i 2) takes into account the end-to-end
detector/readout yield of 80%, and inefficiencies due to cosmic ray hits (15%) and ADR recycling (15%).

array for LFT is equipped with multi-chroic TES bolometers. Table 2 shows focal plane
parameters for the 2016 baseline design, where LFT houses 12 bands with center frequencies
of 40, 50, 60, 68, 78, 89, 100, 119, 140, 166, 195, 235 GHz. The design avoids CO lines
with notch filters. Hardware implementation with multi-chroic TES technology is discussed
elsewhere® . The number of detectors for each frequency is carefully chosen to achieve
required sensitivities on CMB signals and sufficient foreground separation performance, and
to keep the heat load from readout lines low enough. All detector pixels are placed within
an area of high Strehl ratios greater than 0.95.

In the 2016 baseline design, the high frequency telescope (HFT) adopts refractive optics
with two lenses, and houses a detector wafer for 280, 337 and 402 GHz on a telecentric
focal plane®. The aperture size is 20 cm and the field-of-view is 10 x 10 degrees?. The
refractive design is preferred because its small size is beneficial for cooling. In order to have
more powerful foreground separation capability, design work is in progress to accommodate
seven detector wafers. More details on such enhanced designs are described elsewhere®.

The LiteBIRD cooling system is rather similar to SPICA’s pre-cooling system based on
Stirling and JT coolers, and an ADR is very similar to one of future X-ray missions such as
ATHENA. Evaluations of these instruments are ongoing under ESA’s cryogenic-chain core
technology program (CC-CTP)!°. In order to minimize thermal contacts due to readout
cables, we plan to use the digital active nulling (DAN) technique to multiplex 78 channels®.
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The data size is estimated to be 4 GB/day with a loss-less data compression algorithm
and including JAXA’s standard data structure for telemetry. The next-generation telemetry
system based on the X-band data links will be sufficient to download LiteBIRD data.

4 Discussions

The current design of LiteBIRD has good extendability. For example, we have considered
an enhanced HFT with more detectors and frequency bands®. We have checked that the
enhanced HFT design satisfies requirements from the cooling capability, the data link capa-
bility and the envelope of the H3 rocket. By choosing a proper pixel size, it is also possible
to implement more detectors using two corners of the LFT focal plane which are not used
but have high-enough Strehl ratios. Band centers can further be distributed to increase the
effective number of bands in case needed.

Although we expect to have many outcomes in cosmology from CMB polarization maps
of LiteBIRD, we focus on the full success, 6r < 0.001, in our system design. Advantages of
having a focused mission are clear. Relatively small mirror sizes are adequate, which are bet-
ter for cooling. The whole payload module can be tested in a large cryogenic test chamber.
This will allow us to obtain better calibration data on ground, which will result in smaller
systematic uncertainties. We can also perform better end-to-end pre-flight investigations,
which will important to reduce the chance of failure.

The result on the r measurement can further be improved by using external data for
delensing and foreground separation. For example, delensing can be performed with fu-
ture ground-based CMB measurements such as CMB-S4, or the SKA continuum survey '!.
Low-frequency measurements such as C-BASS and its upgrade are useful for foreground
separation !2. Any of these improvements is defined as the extra success of LiteBIRD.

5 Conclusions

With its expected launch in the middle of 2020’s with JAXA’s H3 rocket, LiteBIRD plans
to map the CMB polarization over the full sky with unprecedented precision. The full suc-
cess of LiteBIRD is to achieve 6r < 0.001 in a range 2 < £ < 200. This allows us to test
well-motivated cosmic inflation models. In addition to the full success, LiteBIRD is also ex-
pected to produce various scientific outcomes in cosmology. A three-year full-sky survey at
L2 will be carried out for 15 frequency bands between 34 and 448 GHz with two telescopes
to achieve the total sensitivity of 2.5 uK-arcmin with a typical angular resolution of 0.5° at
150 GHz. Each telescope is equipped with a half-wave plate system for polarization signal
modulation and a focal plane filled with polarization-sensitive multi-chroic TES bolometers.
A cryogenic system provides a 100 mK base temperature for the focal planes and 2 K and
5 K temperature stages for optical components. The current design has good extendability
to add more detectors and frequency bands. Polarization-sensitive TES bolometers at Lite-
BIRD play a key role in addressing one of the most important problems in cosmology. They
will also open up a new era of stringent tests of quantum gravity.
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