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Abstract

LiteBIRD is a future satellite mission designed to observe the polarization of the
cosmic microwave background radiation in order to probe the inflationary universe.
LiteBIRD is set to observe the sky using three telescopes with transition-edge sensor
bolometers. In this work we estimated the LiteBIRD instrumental sensitivity using
its current design. We estimated the detector noise due to the optical loadings using
physical optics and ray-tracing simulations. The noise terms associated with thermal
carrier and readout noise were modeled in the detector noise calculation. We calcu-
lated the observational sensitivities over fifteen bands designed for the LiteBIRD
telescopes using assumed observation time efficiency.
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1 Introduction

LiteBIRD—the Lite (Light) satellite for the study of B mode polarization and Infla-
tion from cosmic background Radiation Detection—is a large class satellite mission
proposed by the Institute of Space and Astronautical Science (ISAS), Japan Aero-
space Exploration Agency (JAXA), dedicated to the observation of the polarization
of the cosmic microwave background (CMB) radiation, with the aim of testing the
hypothesis of the inflationary Universe [1]. The targeted sensitivity of LiteBIRD is
5r < 1.0 x 1073, where 67 is uncertainty of the tensor-to-scalar ratio, r. This sensi-
tivity enables us to test major single-field inflation models including R? inflation [2].

To validate the performance of the instrumental design and to optimize this
design, we calculated the sensitivity of the different frequency bands and evaluated
the impact on 67 [3]. For instance, a design comparison of the HFT using noise cal-
culations is reported in [4].

The sensitivity of the current design of LiteBIRD was presented in [1] and [3].
This paper presents the methodology of sensitivity calculations for the current Lite-
BIRD configuration [3], following the BoloCalc method [5], developed to estimate
the sensitivities of CMB experiments. The sensitivity calculation for LiteBIRD spe-
cifically estimates the optical loading by simulating the beam shape of the detector,
spillover and the reflection in the optical system.
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Fig. 1 Schematic drawing of the
LFT (color online)

Fig.2 Schematic drawing of the
MHEFT (color online)
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The payload module of LiteBIRD consists of three telescopes: the low-frequency
(LFT) [6], mid-frequency (MFT), and high-frequency telescopes (HFT) [7]. For
this work, we considered the MFT and HFT as an integrated telescope system,
called MHFT. Schematics of the LFT and MHFT are shown in Figs. 1 and 2,
respectively. Table 1 summarizes the telescope optical components and their
respective temperatures. A polarization modulation unit (PMU) [8, 9] is placed
in front of the aperture of each telescope to modulate a polarized CMB signal by
rotating a half-wave plate (HWP) [10, 11] using a rotating mechanism with super-
conducting magnets. The telescopes are shielded by shields with millimeter-wave
absorbers. Focal plane (FP) baffles are placed in front of the FPs.
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Table 1 Telescope qptical LFT MHFT

components and their assumed

temperatures Component T (K) Component T (K)
PMU 20.0 PMU 20.0
Telescope shield 5.0 Telescope shield 5.0
Primary mirror 5.0 First lens 5.0
Secondary mirror 5.0 Second lens 5.0
FP baffle 2.0 FP baffle 2.0
Thermal filter 2.0 Thermal filter 2.0
Detector 0.1 Detector 0.1

= LF1 LF2 —LF3 —LF4 = MF1 MF2 = HF1 —HF2 =—HF3

Fig. 3 Layout of the FP detector arrays of the LFT (Left), MFT (Center), and HFT (Right) (color online)

2.2 Focal Plane Detectors

The telescope focal planes are populated with transition-edge sensor (TES) bolom-
eter arrays. The LFT and MFT detector arrays consist of dichroic and trichroic
detectors with a combination of sinuous antennas and silicon lenslets [12]. The
HFT detector array consists of monochromatic and dichroic detectors with ortho-
mode transducers and silicon feedhorns [13]. The FP layouts are shown in Fig. 3.
The design parameters of the detectors, relevant for the sensitivity calculations, are
summarized in Tables 2 and 3.

3 Detector Noise
3.1 Photon Noise

We estimated the photon noise of each detector by calculating the optical loading
due to the thermal emission of the CMB and the telescope optical components.
Each optical component’s emissivity, transmittance, and reflectance were considered
while calculating the optical loading. We included the contributions of the noise due
to the spilled beam energy absorbed by the FP baffle, telescope shield, and PMU.
For the LFT, we calculated the fraction of beam energy absorbed by each com-
ponent using a physical optics simulation [14], based on TICRA GRASP. We
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Table2 Configuration of the LFT FP detector array, where f, is the central frequency of the band

Module f. (GHz) Fractional band-  Pixel size (mm) Number of  Number of
width pixels detectors

LF1 40 0.30 32.0 24 48

60 0.23 32.0 24 48

78 0.23 32.0 24 48
LF2 50 0.30 32.0 12 24

68 0.23 32.0 12 24

89 0.23 32.0 12 24
LF3 68 0.23 16.0 72 144

89 0.23 16.0 72 144

119 0.30 16.0 72 144
LF4 78 0.23 16.0 72 144

100 0.23 16.0 72 144

140 0.30 16.0 72 144
Total 1080

Table 3 Configuration of the MHFT FP detector arrays

Module f. (GHz) Fractional band-  Pixel size (mm) Number of Number of
width pixels detectors

MF1 100 0.23 12.0 183 366

140 0.30 12.0 183 366

195 0.30 12.0 183 366
MF2 119 0.30 12.0 244 488

166 0.30 12.0 244 488
HF1 195 0.30 7.0 127 254

280 0.30 7.0 127 254
HF2 235 0.30 7.0 127 254

337 0.30 7.0 127 254
HF3 402 0.23 6.1 169 338
Total 3428

estimated the beam shape of the LFT detector pixel used as a feed pattern in the
GRASP simulation using ANSYS HFSS.

Noise contributions due to reflections and scatterings at the optical surfaces
were considered in the calculations. We assumed that finite beam energy emitted
from the FP reflects on the HWP and scatters on the mirrors are absorbed by 5-K
absorbers on the telescope shield. The 0.17-K TES bolometers absorb reflections
from the thermal filter and detector module.
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Fig. 4 Fractions of beam energy absorbed at different temperatures (2K FP baffle, 5K telescope shield,
20K PMU, and 2.7K sky) for the LFT (left) and MHFT (right). The order of the bars in each module
group corresponds to that of the bands in the detector module. The contributions of the reflections are not
included. (color online)

In the case of MHFT, we performed a ray-tracing analysis using Beam 4 [15]
to calculate the fractions of the beam energy going to the sky and absorbed by the
telescope shield and FP baffie. In addition, second-order reflections were included in
the noise calculations. We included the beam patterns of the feed horns in the calcu-
lation by assuming designed beam sizes and sidelobe levels.

The fractions of beam energy absorbed at different temperatures are shown in
Fig. 4.

For a given frequency band, we used the following equation to calculate the pho-
ton noise equivalent power (NEP): [5]

N 2

elem

NEP?, = / 2 Y P2 D P ) v, (1)

N,

elem

where v, and v, are the lowest and highest frequencies of the band, respectively, P; is
the optical power of element i, and N, is the number of elements in the telescope.
The frequency-dependent optical efficiency from the telescope aperture to the detec-
tor was considered when calculating P,.! We assumed a unitary bandpass and are

planning to implement realistic bandpass shapes in the near future.

3.2 Thermal Carrier Noise

The NEP associated with the thermal carrier noise NEP, was included in the detec-
tor noise calculation and estimated using the following equation [16]

2 (T./T.)2n+3 — 1
NEP, = |dkyp, 1, SF L T/ T0)

oper™ b 2n+3 [(Tc/Tb)n+1 _ 1]2’ @

! The detailed description for the optical power calculation can be found in Egs. (1)—(3) of [5].
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where T, is the critical temperature, 7}, is the bath temperature, P, is the operating
power of the bolometer, and # is the thermal carrier index. We assumed 7), = 0.100
K, T, =0.171K, and n = 3 because the thermal carrier is a phonon. P, is given by
Poper = 2.5 Py, where P, is the optical power. The factor of 2.5 is taken over from

the detector design of the POLARBEAR?2 experiment [17]. The factor optimization
for LiteBIRD will be studied in the near future.

3.3 Readout Noise

We estimated the readout NEP due to the current noise from superconducting quan-
tum interference device (SQUID) readout as follows:

R

NEP, g = |/ Popery X NEL 3)

where NEI is the readout noise-equivalent current, and R is the operating resistance.
We assumed NEI = 5 pA/A/Hz and R = 0.8 Q [18].2

3.4 Total Detector Noise

We defined the total NEP of a single detector NEP,, as

NEP,,, = \/ NEP?, + NEP; + NEP? , + NEPZ , @

read

where NEP,,, denotes the external noise (or environment) including electromagnetic
interference, microphonics, and temperature fluctuation. All the components are
assumed to be mutually uncorrelated. We require that NEP,,, increases NEP,,, by

less than 15%.

4 Polarization Sensitivity

We calculated the noise equivalent temperature (NET) of a detector as [19]

_ NEP,
NETjo = ———— (5)

V2 (dP/dTeyp)

2 We plan to put a SQUID readout system on the 0.1 K temperature stage to minimize the value of NEI.
[18] reported the SQUIDs noise of 3.5-3.7 pA/A/Hz in the room temperature system.
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where we have defined the conversion factor from power to CMB temperature units
as [19]

2 () hv 2 kT,
dP/dT, = [—( ) V/BCMB]d
/AT ‘/Vl kg \Tcyp(eh/ksTom — 1) ¢ Y ©)

where v, and v, are the edges of the band. # is end-to-end optical efficiency includ-
ing the transmittances of the PMU, mirrors, lenses, thermal filter, the aperture and
detector efficiencies, and the polarization efficiency of the PMU. The array NET was
obtained as follows:

NET,,
NET,, = ——, @)
1/0.8 X Ny

where NET,, is the NET of the single detector, N, is the number of detectors, and
the factor of 0.8 corresponds to the degradation of the detector yield.?
The polarization sensitivity in unit of 4K - arcmin was calculated as

47f oy 2 NET,,,”
1

O-S=

( 10800 ) ®

obs T

where fy, is the sky coverage fraction, and 7, is the observation time. Here,
Joy = 1.0 and 7,0 = 3 years (94,672,800 s) x 0.767, considering the observation
duty cycle of 85%,* cosmic-ray hits (5%), and marginal loss (5%). The \/5 factor
that accompanies NET,. accounts for the need for two detectors to measure the
CMB polarization. The noise components of the detector bands and the sensitivities

of the observation bands are listed in Tables 4 and 5, respectively.

5 Conclusions

Sensitivity estimations have been presented using the current LiteBIRD experimen-
tal design. To accurately estimate the detector noise originating from the optical
loading, we introduced optical simulations based on physical optics and ray tracing
for the LFT and MHFT, respectively. Preliminary forecasts in the presence of instru-
mental systematics and astrophysical foregrounds show that the current LiteBIRD
configuration satisfies the requirements of 6r < 1.0 x 1073 [3]. As the instrumental
modeling and experimental design evolve, we expect to refine and update the pro-
vided sensitivity estimates.

3 The SPT-3G experiment reported the integrated performance in [20]. They report an operable detector
yield of 90 % approximately. We assumed the detector yield of 80 % as a conservative value.

4 The observation duty cycle includes the recycling of an adiabatic demagnetization refrigerator, data
transfer, and detector tuning.
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Table 4 Noise components for each detector band and for each telescope

Telescope  f,(GHz) ~ NEP,  NEP, NEP,, NEP,  NEP,,  NETy  NET,,

8

LFT 40 5.44 3.95 2.67 4.09 8.31 114.63 18.50
60 5.26 3.59 2.43 3.86 7.84 65.28 10.54
78 5.98 3.79 2.57 4.26 8.65 58.61 9.46
50 5.72 4.04 2.74 4.25 8.64 72.48 16.54
68 5.81 3.80 2.58 4.19 8.51 68.81 15.70
89 6.58 3.97 2.69 4.61 9.36 62.33 14.22
68 6.58 4.18 2.83 4.69 9.53 105.64 9.84
89 6.85 4.11 2.78 4.79 9.72 65.18 6.07
119 8.18 4.48 3.04 5.55 11.27 40.78 3.80
78 6.76 4.18 2.83 4.77 9.69 82.51 7.69
100 6.97 4.04 2.74 4.81 9.78 54.88 5.11
140 8.45 4.36 2.95 5.63 11.44 38.44 3.58

MFT 100 7.62 4.36 2.95 5.24 10.64 71.70 4.19
119 8.92 4.84 3.28 6.03 12.25 55.65 2.82
140 9.27 4.74 321 6.16 12.52 54.00 3.16
166 9.56 4.57 3.09 6.24 12.68 54.37 2.75
195 9.78 4.37 2.96 6.29 12.77 59.61 3.48

HFT 195 13.23 5.79 3.93 8.46 17.19 73.96 5.19
235 12.31 5.01 3.40 7.76 15.77 76.06 5.34
280 11.91 4.49 3.04 7.40 15.04 97.26 6.82
337 11.58 4.00 2.71 7.10 14.42 154.64 10.85
402 10.85 3.43 2.32 6.57 13.34 385.69 23.45

The units of NEP and NET are aW/y/Hz and uK 4/sec, respectively . The factor of \/5 has not yet been
included in the NET,,, column

arr
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Table 5 Polarization sensitivity . (GHz)
values for each of the LiteBIRD ¢
observation bands

Sensitivity
(uK - arcmin)

40 37.42
50 33.46
60 21.31
68 16.87
78 12.07
89 11.30
100 6.56
119 4.58
140 4.79
166 5.57
195 5.85
235 10.79
280 13.80
337 21.95
402 47.45
Overall sensitivity 2.16

Overall sensitivity is given by the inverse-variance weighted sum of
the band sensitivities
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