BURSTT: Bustling Universe Radio Survey Telescope in Taiwan
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Fast Radio Bursts (FRBs) are millisecond transient events originating ubiquitously from galaxies. However, most of the FRBs are one-off events, making finding them and
studying their physical origins very difficult. We need new telescopes that can monitor large fractions of the sky and also pinpoint the source location from the short burst duration.
BURSTT aims to accomplish this by deploying arrays of dipole antennas with a field of view of ten thousand square degrees. Cross-correlation of data from the main and
outrigger arrays offers precise localization. Setting up arrays in Taiwan and the surrounding islands will let us 1dentify the host galaxy of the FRB event. Further establishing arrays
in the neighboring countries and as far as Hawai1 will give us at least ten times better spatial resolution and let us know the region 1n the host galaxy where the FRB occurred. We
will highlight the design, site survey, and testing results from the currently deployed antennas. The high-speed radio observation may be of interest to the broader community for

studies such as lightning mapping or the cosmic ray.

Introduction

Fast Radio Bursts (FRBs) are energetic events occurring randomly 1n the sky with an
extragalactic origin. The energy output of a single burst 1s typically the total energy
output from our Sun in a few days. A few percents of the FRBs, dubbed repeaters, have
been observed to emit multiple times without a clear periodicity except for two cases.
The rest of the population may be repeaters that we missed or genuine non-repeaters. To
understand the FRB’s diverse properties and uncover their physical mechanisms, we
need multi-frequency and multi-messenger follow-ups on a large sample of FRBs.

I'he best targets to follow up are ones that are relatively close to the Milky Way.
I'herefore, we want to increase the survey area rather than the survey depth. A wider
survey area also offers a better opportunity to detect the repeating FRB. We propose to
build BURSTT, a new telescope that has a wide instantaneous survey area and the
capability to localize the events to their host galaxy. Figure 1 (right) shows that
BURSTT will have orders of magnitude larger survey area compared to the existing and
planned facilities.
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Figure 1 (Left) Schematic view of the BURSTT main array. (Right) Comparison of survey
area and sensitivity between BURSTT and other facilities (Lin et al. 2022 [1]).

Method

To achieve a wide field of view, instead of a large reflector, BURSTT will use arrays of
dipole antennas to collect signal. Figure 2 shows an example of the dipole and its
directivity 1n our frequency range. Signal received by each dipole will be amplified and
digitized with a bandwidth of 400MHz. The digital beamform process combines signal
from all of the antennas 1nto sensitive beams 1n the sky. Besides the limit of antenna
directivity, the instantaneous survey area 1s only limited by the number of beams that can
be formed 1n the digital backend system. By employing fast algorithms such as FFT 1n
the beamform process, the computational cost of expanding to a larger array 1s thus
O(Nlog(N)) and the design would be scalable.

Figure 2 (Left) A example
of log-periodic dipole
antenna designed for
300-800MHz and a 9.0dB1
gain. (Right) The
corresponding directivity of
the antenna 1n two
perpendicular planes.

The other goal of the project is the sub-arcsecond localization of the detected FRB
events. BURSTT will achieve this by performing very-long-baseline interferometry
(VLBI) between a main station and multiple outrigger stations separated by hundreds to
thousands of kilometers. The main array should be the most sensitive and 1s responsible
for real-time detection of the FRBs. Once detected, a trigger 1s sent to the other outrigger
stations to save their respective ring buffers. The saved data are then brought together to
perform the VLBI analysis. Figure 3 presents the BURSTT sites in Taiwan and several
potential external collaborations that may provide even higher spatial resolution.
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Figure 3 (a) The sites being developed for BURSTT (1n purple) and thelr distances to the
Fushan main array site (in red). External long-distance sites are indicated by their directions
and distances (in blue). (b) the first 48 antennas deployed in Fushan main array site. (c) The
16-ant system being tested in Nantou. (d) A 2-ant system being tested in Green Island.

Relative number

Results and Discussions

After surveying several candidates sites in Taiwan, weighing their radio quietness,
accessibility and availability of infrastructure, BURSTT had selected five sites for
investigation and development around Taiwan. Figure 3 also shows some photos of the
sites during testing. The first 64 antennas and the backend system has been deployed in
Fushan. Figure 5 highlights the fringe pattern of the Sun detected by a pair of antennas in
Fushan. After calibration, the 1-D array 1s beamformed into 16 beams on the sky. Figure
5 also shows the beams capturing the Sun as 1t passes through each of the designed
beams.
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Figure 5 (left) Sun fringe shown by the phase of the cross-correlation of two antennas 1n
Fushan. The horizontal axis spans 04:00 - 12:00 local time. The first 3 hours of data was before
sunrise. (right) Sixteen beams were formed after combining all antennas. Eight of the beams
are shown here. The beam width 1s about 2 deg. The Sun was captured 1n successive beams as
shown 1n the panels. The vertical bright line indicates the main beam response, while the
curved line indicates the frequency-dependent sidelobe response.

Potential Science Opportunities with BURSTT

Ling, Hashimoto, Yamasaki, Goto et al. 2023 [2] simulated detecting FRBs in the Milky Way
to find that BURSTT will detect about two orders of magnitude more than the competing
projects including STARE2 and GReX (Figure 6 left). This 1s because BURSTT’s sensitivity 1s
about three orders of magnitude better than these projects (Figure 1 right). Ho, Hashimoto,
Goto, et al. 2023 also predicts that BURSTT-2048 would detect gravitationally lensed FRBs,
which could constrain the origin of mysterious dark matter better than the other projects
(Figure 6 right).
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Figure 6 (Left) Relative number of FRBs to be detected with BURSTT (green) compared

with the competing projects, STARE2 (red, negligibly small) and GReX (blue). (Right)
Upper limits on the fraction of primordial black holes (PBH) in dark matter as a function of
the PBH mass. BURSTT-2048 will achieve the most stringent constraint between 10™*-10
solar mass and the first constraints between 10-100 slar mass.

Scientific activities

We held the first FRB international conference in Taiwan, ‘Fast Radio Bursts Symposium 2023
in Taiwan’ (Figure 7 left), supported by NSTC, PRPC, NCHU, and ASROC. The BURSTT
hired two new excellent postdocs (Figure 7 right).

Figure 7 (Left) Fast Radio
Bursts Symposium 2023 in
Taiwan. Participants included 47
domestic and 70 international
researchers. (Right) BURSTT
hired two new postdoc fellows:
Dr. Sujin Eie and Dr. Shih-Hao
Wang, working on the
pipe-line development and
Instrumentation, respectively.

Conclusmn
The BURSTT project 1s designed to be a world-leading finder of nearby FRBs. With its
sub-arcsecond localization, 1t offers a better chance to study the cause and effect of
FRBs through follow-up observations. The project 1s currently at the development and
deployment stage. Initial testing demonstrated that the front-end and backend systems to
be working as expected. The stringent timing requirement for VLBI analysis between
data recorded at separate sites remains a major uncertainty that should be eliminated. It
will be the focus of the investigation in the coming months.
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