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ABSTRACT

GroundBIRD is a ground-based cosmic microwave background (CMB) experiment for observing the polarization
pattern imprinted on large angular scales (¢ > 6 ) from the Teide Observatory in Tenerife, Spain. Our primary
scientific objective is a precise measurement of the optical depth 7 (o(7) ~ 0.01) to the reionization epoch of the
Universe to cross-check systematic effects in the measurements made by previous experiments. GroundBIRD
observes a wide sky area in the Northern Hemisphere (~ 40% of the full sky) while continuously rotating the
telescope at a high speed of up to 20 rotations per minute (rpm) to overcome the fluctuations of atmospheric
radiation. We have adopted the NbTiN/Al hybrid microwave kinetic inductance detectors (MKIDs) as focal
plane detectors. We observe two frequency bands centered at 145 GHz and 220 GHz. The 145 GHz band picks
up the peak frequency of the CMB spectrum. The 220 GHz band helps accurate removal of the contamination of
thermal emission from the Galactic interstellar dust. The MKID arrays (138 MKIDs for 145GHz and 23 MKIDs
for 220GHz) were designed and optimized so as to minimize the contamination of the two-level-system noise
and maximize the sensitivity. The MKID arrays were successfully installed in May 2023 after the performance
verification tests were performed at a laboratory. GroundBIRD has been upgraded to use the full MKID arrays,
and scientific observations are now underway. The telescope is automated, so that all observations are performed
remotely. Initial validations, including polarization response tests and observations of Jupiter and the moon,
have been completed successfully. We are now running scientific observations.

Keywords: CMB, polarization, GroundBIRD, Teide observatory, MKID, reionization, optical depth

1. INTRODUCTION

Since the discovery of the cosmic microwave background (CMB),':? the CMB has played a central role in enriching
our understanding of the Universe. The current prime target of the CMB observation is the B-mode polarization
signal imprinted by the primordial gravitational wave generated by the quantum fluctuation of the space-time
during the inflation period.®>® In addition, it has been recognized that precision measurements of the B-mode
polarization power spectrum caused by the gravitational lensing effect due to the large-scale structures in the
Universe provides a unique opportunity for measuring the total mass of neutrinos.” In Fig. la, we show how
sensitively the amplitude of the CMB B-mode polarization power spectrum due to the lensing effect depends on
the total mass of the neutrinos. Figure la also shows that the precision measurement of the reionization optical
depth, 7, is mandatory to extract the total mass of neutrinos from the B-mode polarization power spectrum.
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Figure 1: (a) The polarization power spectrum of the CMB B-mode, calculated using CAMB.!? The 7 values
used are from Planck Collaboration 2020 and 1o higher. Other cosmological parameters are set as follows: Hg
= 67.0, Qph? = 0.022, QA% = 0.12, Q; = 0.0, A, =2 x 1072, ng = 0.96, nyun = 0.0, r = 0.0. Even if the total
neutrino mass changes to 0.1 eV from 0.05 eV, it is difficult to distinguish this change from the variation in 7.
(b) The polarization power spectrum of the CMB E-mode, calculated using CAMB. The orange range indicates
the reionization bumps, where variations occur based on the optical depth 7. GroundBIRD is sensitive to the
polarization of CMB at large angular scales (6 < ¢).
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There is a systematic difference between the reported values from WMAP (7 = 0.089 4 0.014'%) and from
Planck (7 = 0.054 £ 0.007*!) as the precedent. The reionization optical depth uncertainties of around 10 % are
relatively high compared with other cosmological parameters, which are measured with subpercent precision.'!
It is mandatory to perform measurements of the reionization optical depth with higher precision using an inde-
pendent experiment from WMAP and Planck. However, it is difficult to measure the reionization optical depth
from ground-based experiments. As shown in Fig. 1b, the measurement of the reionization optical depth is per-
formed by using the sensitive dependence of signatures appearing at large angular scales of the power spectrum
of the CMB E-mode polarization. This signature is called the reionization bump because it is generated by the
Thomson scattering of the CMB photons at the reionization epoch. The angular scale of the reionization bump
corresponds to the apparent size of the horizon at the reionization epoch and is about a few tens of degrees.
Due to atmospheric emission fluctuations, the optical loading on the detectors, primarily caused by atmospheric
emission, changes significantly while measuring the large angular scale signal. This makes it difficult to per-
form precision measurements of the power spectrum of the reionization bump from the ground. Therefore, no
experiments have reported the reionization optical depth since Planck.

GroundBIRD is a ground-based CMB polarization experiment, mounted at the Teide Observatory; 28°18’ N
and 16°30" W, 2400 m above mean sea level (Fig. 2). To capture the large-scale polarized CMB signal while
minimizing the impact of atmospheric 1/f noise, the GroundBIRD telescope employs a high-speed rotation of
the telescope around the vertical axis, with the telescope tilted 20 degrees from the zenith, achieving velocities
of up to 20 rotations per minute (rpm). This innovative method allows for the observation of over 40% of
the celestial sphere. To realize diffraction-limited spatial resolution while rotating the telescope at high speed,
microwave kinetic inductance detectors (MKIDs) are adopted as the focal plane detectors, due to their fast
responsivity and high sensitivity. Two frequency bands detectors centered at 145 GHz and 220 GHz are installed.
The 145 GHz band picks up the peak frequency of the CMB spectrum. The 220 GHz band helps accurate removal
of the contamination of thermal emission from the Galactic interstellar dust. A combined data analysis with
the QUIJOTE!? experiment is planned. QUIJOTE, managed by Instituto de Astrofisica de Canarias (IAC), is
a ground-based CMB polarization experiment. QUIJOTE is operated at the Teide observatory and is located
near GroundBIRD. The entire sky region observed by GroundBIRD is covered by the QUIJOTE experiment.
The observation bands covered by QUIJOTE are 11, 13, 17, 19, 30, and 40 GHz,' which play crucial roles in
removing the contamination of the Galactic synchrotron emission from the data. Lee et al.(2020)'* shows that
the combined analysis of the data obtained by three years of observations of GroundBIRD with the QUIJOTE

Figure 2: A photo of GroundBIRD from inside the dome. We see the pulse tube pipe connected at the head
next to the optical window and the baffle. The DAQs on the bottom rotate solidly with the telescope.
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data makes it possible to measure the reionization optical depth with an accuracy of o, = 0.012.

This paper reports on the installation of the full set of GroundBIRD detectors, the remote observation system,
and the results from on-site performance verification tests and initial observations. In Section 2, we describe the
telescope; in Section 3, we describe the remote observation system; in Section 4, we present the initial observation
results; and in Section 5, we present our conclusions and prospects.

2. DETECTORS, ELECTRONICS, AND MEASUREMENT METHODS WITH
MKIDS

2.1 Detectors

Microwave kinetic inductance detectors (MKIDs) are employed as the focal plane detectors of the GroundBIRD.
MKIDs are devices capable of reading out multiple detectors in a single readout line by shifting each resonance
frequency. Our focal plane configuration includes seven arrays, each equipped with 23 detectors optimized for
polarization observations. The resonance frequencies of these detectors are fine-tuned using the electromagnetic
field simulator SONNET, allowing our MKIDs readout system to operate effectively within a 200 MHz band-
width!® of readout FPGA board. To minimize two-level-system noise (TLS noise) contamination of observations,
NbTiN/Al hybrid MKIDs are used. The MKID designs are optimized so as to minimize the contamination of
the TLS noise and maximize the sensitivity!®!7(Fig. 3a). The MKID arrays were fabricated at the Netherlands
Institute for Space Research (SRON), and were installed in May 2023 (Fig. 3b) following a comprehensive per-
formance verification test conducted in the laboratory. We have confirmed that the time constant of an MKID
chip is a few tens of microseconds, ensuring that the response is fast enough for our sampling time. The noise
equivalent power at a dark environment (at 800 mK) was approximately 2 x 10717TW/ VHz, which is fit our
requirement. ‘6

2mm

<-~1mm->

(a) (b)
Figure 3: (a) The design schematic of the MKIDs consists of a hybrid of Al and NbTiN, with detectors equipped
with antennas oriented in four directions at 45-degree intervals for measuring Stokes parameters. Each detector
measures approximately 2 mm by 1 mm. (b) Detector arrays installed on the focal plane. The central array is
designed for the 220 GHz band, while the surrounding six arrays are designed for the 145 GHz band.

2.2 Electronics

An ultra-low temperature amplifier control system (Fig. 4) was developed to manage the seven Low Noise
Amplifiers. This system incorporates the LNF-PS_EU2,'® a constant current power supply specifically designed
for Low Noise Amplifiers, ensuring stable operation under observational conditions.

A readout system is composed of seven data acquisition (DAQ) readout boxes for recording signals from each
MKID sent from seven arrays (Fig. 5) and two DAQ readout boxes for recording azimuth and elevation angles
of the pointing direction. In order to synchronize the timing in all DAQ readout boxes, the azimuth DAQ issues
a pulse signal named “sync-pulse”. This pulse is transmitted to DAQ boxes. Using the pulse information, all
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Figure 4: A photo of the ultra-low temperature amplifier control system. This system is designed to manage
eight Low Noise Amplifiers, of which we utilize seven, leaving one as a spare.

Figure 5: (a) A photo of GroundBIRD readout box. (b) A photo of all readout boxes installed.

the time stream data are aligned. The azimuth and elevation angles are interpolated to obtain the angle values
at each MKID clock timing.'®

2.3 Measurement methods with MKIDs

Figure 6 shows an example of resonance frequency distribution for one MKID array within a readout frequency
band of 200 MHz. The vertical axis represents the absolute value of Sa1,2° while the horizontal axis represents the
frequency of the readout power. In this example, twenty resonances are identified within the readout frequency
band. By sweeping the frequency of the readout power, the resonance frequency of each detector pixel is identified.
For each pixel, the amplitude of the readout powers are optimized to maximize the amplitude of the resonance
feature without altering its shape of the resonance feature (see the left panel of Fig. 10). During observations,
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Figure 6: Multiple resonances of a single array. The horizontal axis represents the readout frequency, and the

vertical axis represents the readout power. The solid blue line shows the readout power, while the dotted orange
lines indicate the resonance frequencies of each element.
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the optimized power at the resonance frequency for each detector pixel is simultaneously provided for all detector
pixels mounted on the same MKID array. The amplitude and phases of S5; for each detector pixel are measured
at a 1 kHz sampling rate. The resonant frequencies of MKIDs undergo gradual shifts due to factors such as
fluctuations in the amplitude of the atmospheric emission, which acts as the main optical heat load for detectors.
Therefore, the resonance frequency of each detector is calibrated every hour by measuring the resonance shape
around the originally defined resonance frequency. In subsequent observations, the readout powers are given at
the recalibrated resonance frequency. The calibration of the resonance frequency is performed every hour, and
both the calibration and the measurement of Ss; at the calibrated resonance frequency are automated.

3. REMOTE OBSERVATION SYSTEMS

All tasks, including dome and telescope operations and data acquisition (DAQ), are managed remotely from
locations in Japan, Spain, South Korea, and the United Kingdom. We have developed a remote observation
system for the long-term monitoring of the observations with the GroundBIRD telescope. This system enables
monitoring of various conditions, including atmospheric conditions in the GroundBIRD observation area, weather
at the observatory, internal conditions of the GroundBIRD telescope such as temperature and pressure, as well
as conducting visual and audio checks on the telescope.

The GroundBIRD infrared camera, devised by the GroundBIRD team, functions as an infrared monitoring
system for detecting clouds at the Teide Observatory.?! It is built around the FLIR Lepton 3.5%? and PureTher-
mal 2 modules,?® providing a crucial tool for cloud surveillance (Fig. 7a). Additionally, this system features
web-based accessibility, allowing for convenient monitoring online (Fig. 7b).

2024-01-27 08:09:45.357435029 +0000

Orthographic view

-44.8047 -5.87771

(b)
Figure 7: (a) An exterior view of the GroundBIRD infrared camera, devised by the GroundBIRD team, which
functions as an infrared monitoring system for detecting clouds at the Teide Observatory. (b) Web-monitor
system, enabling convenient online monitoring of the GroundBIRD infrared camera data.

BME280 sensors have been installed to measure temperature, humidity, and atmospheric pressure both inside
and around the GroundBIRD dome. Data collection is facilitated using Raspberry Pi devices, which communicate
with sensors via I2C communication (Fig. 8). The Raspberry Pi devices perform dual functions: collecting
data and issuing alerts. If humidity exceeds a predefined threshold, an alert is triggered, and a command is
automatically sent to the dome server to close the telescope dome. These systems are instrumental in ensuring
the safety of long-term observations.

To ensure the safety of observations, it is crucial to check multiple sources of information on the observatory.
Grafana,?* an open-source visualization tool, plays a key role in this process. Our records encompass a range of
telescope-related data, including meteorological factors such as wind velocity, humidity, and precipitable water
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Figure 8: The BME280 sensor and Raspberry Pi system are used for monitoring environmental conditions inside
and around the GroundBIRD dome. The BME280 sensor measures temperature, humidity, and atmospheric
pressure, while the Raspberry Pi facilitates data collection and communication. This system helps ensure safe
long-term observations by issuing alerts and automatically controlling the telescope dome.

vapor (PWV), as well as cryostat parameters like temperature and vacuum levels. By visualizing these records
through Grafana, we can make informed decisions to maintain observation safety.

We have developed a telescope monitoring system using the team communication platform Slack.?® This
system is built using Slackbot?® and Slacker,?” providing straightforward access to visual information from the
telescope, including telescope recordings and coordinates of targeted celestial bodies employed for calibration.
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Figure 9: Visualization of telescope environmental data using Grafana. The monitor displays meteorological

information such as wind speed and humidity, alongside telescope parameters such as detector temperature and
vacuum levels.
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Figure 10: Examples of using Slack: The process of checking the MKID sweeps is shown here. Additionally,
Slack can be used to access telescope visuals, observatory information, and more.
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We check for issues in the automated process through Slack (Fig. 10).

4. ON-SITE PERFORMANCE VERIFICATION TESTS

600x600 pix

2 '/pix,

Figure 11: A map centered on the beam, constructed using nearly 80% of the detector pixels. Each detector’s
response has been normalized.

We performed mapping observations of the moon as the first step of the on-site performance verification tests.
Figure 11 shows the intensity distributions of the moon measured by each MKID pixel. The intensities shown in
Fig. 11 are normalized by the peak intensities for each MKID pixel. It shows that the intensity distribution of
the moon was successfully reconstructed by all available detector pixels. We can also see that the intensity maps
of the moon obtained by 145 GHz band detectors are larger than those obtained by 220 GHz band detectors, as
expected. This reflects that the beam width of the 145 GHz detectors is comparable to the apparent size of the
moon, whereas the beam width of 220 GHz detectors is smaller than the moon size.?® Details of the pointing
calibrations based on the moon observations are provided in Sueno et al. (2024).22 Through these observations,
we successfully correlated the resonance frequencies with the positions of the detectors (Fig. 11).

Quick checks of the sensitivity of each detector pixel were performed using a sparse wire grid. The sparse wire
grid was constructed by stretching 50 tungsten wires, each with a diameter of 0.1 mm and spaced 16 mm apart,
on a square aluminum frame approximately 1 m in diameter. The wire grid was set on top of the baffle in the

o
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-~ data

Phase response [rad]
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o

o
>

50 100 150 200 250 300 350
Wire grld Wire angle [deg]

SO00O0OS00DOS

(b)
Figure 12: (a) Sparse wire grid placed on the baffle, using foam polystyrene as stands. (b) Response of an
MKID when the wire grid is rotated. The signal modulated by the wires can be observed.
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Figure 13: Analysis of the polarization response angles of the detector. The results are divided as designed at
0°,45°,90°, and 135°, using one detector as the reference.

state that the GroundBIRD telescope pointed at the zenith. To install the sparse wire grid, we attached foam
polystyrene to the GroundBIRD baffle. The foam polystyrene served as guides for positioning and as stands for
the wire grid. Using the foam polystyrene as a guide, the grid was manually positioned, achieving an angular
accuracy of approximately +4° (Fig. 12a). Data were acquired for each setting of the wire grid. By rotating the
wire grid around the optical axis in 45° intervals, the measurements were repeated for one complete round. An
example of the obtained data is shown in Fig. 12b. The data for each detector were fitted with trigonometric
and cubic functions (Fig. 12b). The trigonometric function corresponds to the signal from the wires, while the
cubic function accounts for baseline noise. We confirmed that the detectors are sensitive to linearly polarized
signals. From the fitting results, the direction of the polarization signals to which each detector pixel is sensitive
was extracted. Figure 13 shows the histogram of detector pixels as a function of the direction of the sensitive
polarization signal. Although the accuracies of the measurements were limited, Fig. 13 shows that each detector
is sensitive to the expected direction of the polarized signal.

Furthermore, we have successfully obtained the intensity maps of Jupiter. Figure 14 shows a map obtained
by measuring the phase response of a single detector pixel as Jupiter passed through the field of view.

100x100 pix

1.5 '/pix,

Figure 14: An image of Jupiter captured by measuring the phase response of a single detector pixel in the 145
GHz band. The map, centered on Jupiter, displays an area of 100 x 100 pixels, each with a width of 1.5’. The
image has been smoothed using the HEALPix package’ with a FWHM of 0.6°.'4
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5. CONCLUSION AND PROSPECTS

GroundBIRD is a ground-based CMB experiment designed to observe the polarization patterns imprinted on
large angular scales. We have successfully initiated the GroundBIRD science observation run using the full MKID
arrays. These observations are conducted remotely from multiple countries, supported by the newly developed
remote observation system. Initial validations, including polarization response tests and mappings of the moon
and Jupiter, have been completed successfully. Concurrently with data acquisition progress, we are working on
upgrading the instrument to improve measurement accuracy to achieve the scientific aim of the GroundBIRD.
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