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Abstract

We present the instrument design and initial results for the Galactic Radio Explorer, an all-sky monitor for
exceptionally bright transients in the radio sky. This instrument builds on the success of STARE?2 to search for fast
radio bursts (FRBs) from the Milky Way and its satellites. This instrument has deployments across the globe, with
wide sky coverage and searching down to 32 us time resolution, enabling the discovery of new super giant pulses.
Presented here are the details of the hardware and software design of the instrument, performance in sensitivity and
other key metrics, and experience in building a global-scale, low-cost experiment. We follow this discussion with
experimental results on validation of the sensitivity via hydrogen-line measurements. We then update the rate of
Galactic FRBs based on non-detection in the time since FRB 200428. Our results suggest FRB-like events are even
rarer than initially implied by the detection of a MJy burst from SGR J1935+2154 in 2020 April.

Unified Astronomy Thesaurus concepts: Astronomical instrumentation (799); Radio bursts (1339)

1. Introduction

Fast radio bursts (FRBs) are short-duration (<100 ms), highly
energetic (>10"ergs™') transients that have been detected
between 100 MHz and 8 GHz (Cordes & Chatterjee 2019; Petroff
et al. 2019). Prior to 2020 April, all FRBs were extragalactic
and most were at cosmological distances (z > 0.1). The discovery
of SGR 193542154 by both STARE2 and the Canadian
Hydrogen Intensity Mapping Experiment (CHIME/FRB) made
a dramatic connection between extragalactic FRBs and Galactic
magnetars (Bochenek et al. 2020; CHIME/FRB Collaboration
et al. 2020). While FRB 200428 from SGR 1935+2154 was less
luminous than all known extragalactic FRBs, its proximity
made it the highest fluence of any exosolar radio burst
(~MJy ms at 1 GHz, compared to <kJy ms at ~1 GHz for
high fluence extragalactic FRBs (Kirsten et al. 2024)) and
enabled detection of the first prompt multi-wavelength
emission (Mereghetti et al. 2020).
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In the years since the FRB-like emission from SGR 1935
42154, the link between young, energetic magnetars and the
extragalactic FRB phenomenon has been muddied. FRBs have
been found in globular clusters (Kirsten et al. 2022), at the
outskirts of elliptical galaxies (Eftekhari et al. 2025; Shah et al.
2025), and may be underrepresented in low-mass star-forming
galaxies and the sites of recent core-collapse supernovae
(Sharma et al. 2024). In other words, if all FRBs are magnetars,
they are not all young remnants of CCSNe embedded in star-
forming region, like SGR 1935+2154. These facts motivate a
blind search survey, rather than monitoring known Galactic
magnetars. The discovery of other new Galactic phenomena
such as long-period radio transients (Hurley-Walker et al. 2022;
Caleb et al. 2024; Rodriguez 2025) further motivates blind
searches in new regions of parameter space.

The Galactic Radio Explorer (GReX) is an international
collaboration aimed at discovering exceptionally bright bursts in
the radio sky. Building off the success of STARE2 (Bochenek
et al. 2020), we are currently searching for FRBs emitted by
Galactic sources as well as nearby galaxies. We search down to
a high time resolution of 32.768 us, saving raw 8.192 us voltage
data to enable more in-depth analysis for interesting single-pulse
candidates. Additionally, the instrument has been designed to be
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easy to build and reproduce, allowing collaborators to quickly
bring up a functioning station. The goal as mentioned in our
original white paper (Connor et al. 2021) is to eventually have
47 steradian coverage with increased exposure to the galactic
plane to improve sensitivity to galactic sources. As more
sensitive aperture arrays for fast transient discovery come
online, such as BURSTT (Lin et al. 2022) in Taiwan and similar
efforts in the US, Australia, and Chile, the niche of GReX will
be all-sky sensitivity to ultra-narrow, bright radio bursts at
1.4 GHz. Each GReX terminal is fully self-contained and low-
cost, serving as a valuable pedagogical tool for the observatory
or university operating it locally.

In this work, we describe the GReX instrument, and the
current network of terminals around the world. We also place
new upper-limits on the rate of ultra-bright FRBs based on
non-detection.

2. Hardware Design
2.1. Analog Signal Path

The first major hardware improvement over STARE?2 is the
transition to a new, higher performance low noise amplifier
(LNA; Weinreb & Shi 2021) developed at Caltech for the
DSA-110 (Ravi & Collaboration 2023). The new amplifier has
a noise temperature of 7K, versus the previous amplifier’s
noise temperature of ~30K, dramatically improving our
system noise temperature and sensitivity. The LNA achieves
record-breaking noise at ambient temperature via the use of an
exceptional low noise transistor from Diramics and a low loss
suspended stripline input matching network.

For the antenna, we use an improved version of the same
“cake pan” antenna from STARE?2, also designed for the DSA-
110. This is a waveguide horn antenna with cake pans forming
axial corrugations, enhancing the beam pattern. The antenna’s
full-width half-maximum (FWHM) is estimated to be 70° & 5°
at 1.4 GHz with very little variation across our band of
1280-1530 MHz. We verify the estimation of the beam width
in Section 5 by fitting H I intensity data. As this is an all-sky
instrument, the large beam width trades sensitivity for field of
view, matching our science goals.

2.2. Frontend Module

The heart of the analog signal processing in GReX is the
frontend module (FEM). In STARE2, the analog processing
was split between electronics at the antenna and in the server
room, with an RF over fiber (RFoF) link between the two
sides. Instead of RFoF, we digitize directly at the antenna,
incorporating all the electronics into a single enclosure to
which the antenna is bolted. As RFoF links are typically quite
nonlinear, this section of the analog signal path could limit the
linear dynamic range. To replace the RFoF circuitry, we
designed the FEM to perform the frequency downconversion,
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Figure 1. Completed FEMs.

filtering, and amplification needed to prepare the signal for
digitization.

The FEM also contains digital control electronics using an
RP2040 microcontroller. This device controls the power for
the LNAs connected to the FEM inputs, sets the variable
attenuators, and monitors temperatures and average RF power
levels. We wrote the firmware in the Rust programming
language using the RTIC (Eriksson et al. 2013) framework for
real-time task-based concurrency. Monitoring and control is
performed via a simple serial connection.

The FEM enclosure is custom machined with channels that
isolate the two polarizations from the digital electronics. This
enclosure also acts as the heat sink, as it is bolted directly to a
large aluminum panel inside the box. The FEMs were fully
factory-assembled, with the total per-unit cost under $200
USD. The completed FEM enclosure and PCB are shown in
Figure 1. The conversion gain of the FEM is shown in
Figure 2.

2.3. The Box

The constructed telescope is contained in a single weath-
erproof aluminum box 20” tall, 16” wide, and 6” deep. This
box contains a GPS timing system and oscillators, the FEM,
the FPGA digitizer, power supplies, a 10G Ethernet switch,
and a Raspberry Pi for monitor and control. As the box we
chose had no inherent RFI shielding, we added an aftermarket
weatherproof RFI gasket. The FEM, synthesizer, GPS
receiver, and FPGA digitizer are bolted to a subpanel inside
the box. The two polarization connections and GPS antenna
are connected via feedthrough connectors on the bottom of the
box. The optical fiber is routed through a waveguide cutoff
pipe that is attached to the bottom of the box, where it is
internally terminated to a 10G SFP+- connector, attached to the
Ethernet switch. The box has mounting points on the outside
for a stand or pipe and boltholes to mount the antenna. The
antenna is bolted on the top of the box with weatherproofing
gasket material to prevent any water leaks.
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Figure 2. Measured conversion gain of the FEM. Total system gain adds 40 dB from the LNA and 15 dB from ADC preamplifiers.

Installation of the box is indented to be simple, requiring
two single-mode fibers for the Ethernet connection and mains
AC power. Upon receiving a box, the operator needs to bolt
the antenna to the top with the weatherproofing compound,
then mount it to an appropriate place with a clear view of the
sky. Ideally, the antenna should be covered with RF-
transparent material for weatherproofing, but we found any
piece of low-loss material such as a plastic trash can to be
sufficient. A picture of an assembled box is shown in Figure 3.

3. Software Design

As this experiment is deployed globally, it is imperative that
the software stack be easy to build, install, and use, all with
very little assistance from the project maintainers. New
members should be able to on-board their stations indepen-
dently, just by following online documentation.® As such, we
developed the software stack for this instrument with intense
attention to these goals. As much as possible, software is tested
in continuous integration and written in a way to reduce the
likelihood of unexpected errors. Additionally, all the software
for the project is freely accessible and under an open-source
license.

3.1. Digitization and Initial Processing

Following the analog signal path, the high-frequency signals
are digitized by the Smart Network ADC Processor (SNAP)’
board. This platform contains three HMCADI1511 analog to
digital converters (ADC) from Analog Devices and a Kintex-7
160T field-programmable gate array (FPGA) from Xilinx. This
platform is supported by the CASPER (Hickish et al. 2016)
ecosystem, which we make use of here.

8 https://grex-telescope.github.io

® https:/ /casper.berkeley.edu/wiki/SNAP

Figure 3. Inside a GReX box. The left panel contains the 10 GbE switch, two
power supply units (PSU), and the Raspberry Pi for monitor and control. The
right half contains the GPS timing receiver, frontend module (FEM),
frequency synthesizer, and SNAP digitizer.

We wrote our gateware'’ in a combination of Simulink and
SystemVerilog using the CASPER toolflow. To make max-
imum use of the available 10G connection, we stream 8-+8 bit
complex data for each polarization, channelized to 2048
frequency bins. As the FPGA core is clocked at 250 MHz, with
the ADC clock running 500 MHz, the F-engine processes two
ADC samples every clock cycle. The channelization is
accomplished with a standard polyphase filterbank constructed
via the combination of a finite impulse response (FIR) filter
and fast Fourier transform (FFT), both making use of design
blocks from the CASPER library. The FIR filter has 8 taps and
a Hamming windowing function to reduce inter-channel
leakage and scalloping loss (Thompson et al. 2017). To avoid
overflows in the FFT, each stage is allowed to grow the
number of bits representing each channel. The output of the

19 hitps: / /github.com/GReX-Telescope /gateware
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Figure 4. FPGA gateware internals: yellow blocks represent CASPER-provided interfaces to hardware, blue blocks are custom SystemVerilog, and green blocks are
CASPER-provided DSP logic. Solid lines represent high-speed data, dashed lines represent slow monitor and control data. Reset lines and timing logic is not shown.

FFT block is 18418 bit, fixed-point complex numbers. If we
attempted to stream these data directly, we would not have the
bandwidth on the 10G link. As such, these data are requantized
to a lower bit-depth of 84-8 bits to fit in a single 10G Ethernet
payload. Finally, the resulting channelized voltage data is
packetized for transmission. The block of data includes a 64 bit
packet counter header, allowing the downstream software to
detect data loss and re-ordering. These data were packed such
that they match the layout of a C-struct, so no processing needs
to be done to use the data downstream. The packetized data is
transmitted over the optical 10G Ethernet link to the server,
making use of the standard Ethernet block from CASPER.
Every 2048 samples, a completed Ethernet payload is
transmitted, including the header, totaling 8200 bytes. This
occurs every 8.192 us, implying a total data rate of just over
1GBs ' or 8 GiBs .

In addition to the primary functionality of the gateware,
there are a few added utilities to assist in operation. First, there
is an input multiplexer that allows the user to connect to any
input on the SNAP without reprogramming. Second, there is a
triggerable accumulator for Stokes I data that gives the user a
snapshot view of the spectra without running high-speed
packet capture. Additionally, this accumulation is performed
on the raw output from the FFT block, providing insight into
the required digital gain setting for requantization. Finally,
there are various registers that monitor overflow conditions in
both requatization, FFT bit growth, and raw ADC samples.
This primarily gives us an indication that the total power level
into the SNAP board is too high, or downstream digital gain is
too high, either case being actionable via the adjustable RF
attentuators in the FEM or in the digital gain settings. A figure
of the data flow in the gateware is shown in Figure 4.

3.2. FPGA Software Interface

A critical piece of code in the project is the software
interface to the running FPGA gateware. During telescope

operation, status registers and accumulators are read, variables
are set, etc. For this project, we chose to write a new interface
to CASPER devices using the Rust programming language,
casperfpga_rs."" The new library generates compile-time
checked interfaces to the various components in the running
FPGA design. As the generated code fully validates correct-
ness at compile-time, runtime errors are all but eliminated.
This new library allows for much higher confidence in the
deployment of CASPER designs. This library also contains unit
tests against a mock interface, extensive documentation, and is
written in a modular nature to encourage other members of the
CASPER collaboration to add support for their hardware.

3.3. Server and First Stage Processing

After packets have been transmitted from the FPGA, they
are captured and processed by a single high-performance
server. This server contains a 24-core AMD Ryzen Threa-
dripper Pro 5965WX with 128 GB of RAM. The server is also
outfitted with an NVIDIA GeForce RTX 3090 Ti GPU, used
for the brute-force dedispersion search. This system’s kernel
parameters are tuned to support the “jumbo Ethernet frames”
emitted from the SNAP board. After the packets have been
processed through the kernel, user-space programs perform the
remaining processing.

The majority of the effort in software development for this
project was in the first stage processing program, 70. This
program performs the packet capture, computation of Stokes 7,
time downsampling, and management of ring buffers of
voltage data to be written to disk on command. As this piece of
software handles the raw voltage data, it is the most timing
sensitive and performance-critical.

At the top level, 70 consists of many independent threads,
each performing a processing step called a subtask. One
thread is dedicated to the packet capture subtask, one for

" hetps: //github.com /kiranshila/casperfpga_rs
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Figure 5. 70 subtasks and inter-thread communication. Solid lines represent high-speed science data, dashed lines represent monitor and control.

time-downsampling, etc. We must use multithreading as the
total processing time is longer than the incoming packet
cadence, so parts of the processing need to be broken up and
performed in parallel, i.e., pipelined. After each subtask
completes computation, it passes the result to the subsequent
subtask across a thread boundary.

Our implementation of this streaming processing pipeline is
built off the inter-process communication model of channels
with allocation-reusing ring buffers, similar in spirit to
PSRDADA (van Straten et al. 2021). Unlike PSRDADA, the
model is fully contained in a single executable, allowing for
much stronger guarantees around the data being passed around.
Additionally, this model reduces the need for synchronization
primitives such as mutexes, improving performance.

The complete architecture of 70 is shown in Figure 5, with
arrows showing the channels that move data across the various
threads. After program start and timing synchronization
(described in the Section 3.5), all the subtasks are spawned
simultaneously. The first subtask again is packet capture,
where incoming data is read from the network card. This
subtask checks the value of the packet header against the
previous to test for packet loss or reordering. Metadata about
the packet statistics is transferred using a separate channel to
the monitoring thread. The following subtask performs fake
pulse injection. As we want to ensure our pipeline is working
properly, we occasionally add synthetic data of various
dispersion measures and fluence into the real-time data stream.
We write information about the injection into a SQLite
database, so downstream processing software can determine if
a given candidate is synthetic. The next subtask performs time
downsampling. Downstream processing, specifically brute-
force dedispersion, has trouble handling exceptionally high
time resolution data. As such, we need to perform down-
sampling in time, in addition to computing Stokes I as we will
be performing incoherent dedispersion. Finally, depending on
launch arguments, the downsampled Stokes [ data is written to
either a SIGPROC' filterbank file (using a high-performance
Rust implementation'? of the file format) or to a PSRDADA'
ring buffer.

Running in parallel to the data processing pipeline, a thread
is accumulating and distributing monitor information. This

12 https:/ /sigproc.sourceforge.net/
'3 https: //github.com /kiranshila /sigproc_filterbank
' hitps: //psrdada.sourceforge.net/

data includes occasional queries to the FPGA about overflow
statistics, long-integration Stokes [ spectra, and internal
temperatures. Moreover, it collects log messages produced
by the program and statistics about packet capture from the
first subtask. The monitor subtask provides an HTTP API to
query the monitor information for a Prometheus'” time-series
database. Log messages and traces are ingested by an
OpenTelemetry'® collector.

3.4. Data Loss

As the packets are transmitted over Ethernet with the UDP
protocol, there is no guarantee that they are received. We have
taken special care to ensure the server’s operating system can
efficiently process incoming UDP data without data loss and 70
should be able to process incoming data in real time without
issue. However, packet loss still does occur, albeit rarely. For
the Owens Valley station, the average packet loss rate is 10~ %%
or one packet dropped per 10® packets processed. As our packet
cadence is one packet per 8.192 us, this works out to an average
of one dropped packet per 1000 s. This amount of data loss is to
be expected and is inconsequential to the performance of the
telescope.

3.5. Timing and Synchronization

In the box, we include a GPS-discriminated 10 MHz
oscillator. This device provides a stable reference and emits a
pulse-per-second (PPS) square wave, connected to a general
purpose digital input on the FPGA. The 10 MHz reference clock
is used by a Valon 5009a frequency synthesizer to produce the
500 MHz clock used by the ADC and FPGA. Furthermore, this
synthesizer is used to generate the 1030 MHz local oscillator
signal used in the FEM for downconversion.

In the FPGA gateware, the PPS signal is used to timestamp
data. In 70 at program start, we query a network timeserver to
get the current local time within tens of milliseconds. Then, the
program waits until the next half second to “arm” the timing
system on the FPGA. Once the next rising edge of the PPS
signal arrives in the FPGA and starts the flow of data, we know
that the very first voltage sample is coincident with the next
whole second.

'3 https: / /prometheus.io/
1® hitps: //opentelemetry.io/
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As each packet has a 64 bit packet counter, and we know the
timestamp of the first packet and know the clock speed of the
FPGA, we can work out the start time of every packet.
Specifically, we know that packet N is exactly N - 8.192 us
past the time of the first packet. This information is used in the
metadata stored in voltage dumps as well as in the candidate
metadata.

3.6. RFI Cleaning

Following 70, data is transferred to an RFI cleaning
program, clean_rfi'’ using PSRDADA ring buffers. This
program implements a multistep cleaning approach following
the implementation in CHIME/FRB (Rafiei-Ravandi &
Smith 2023).

For both T0 and clean_rfi, we needed a Rust interface to the
PSRDADA C library, as that is the only mechanism to stream
data into the brute-force dedispersion program, HEIMDALL
(Barsdell et al. 2012). While Rust has a robust interface to C
programs and libraries, they are all memory-unsafe by default, as
there is no mechanism to guarantee Rust’s invariants across the
application binary interface (ABI) boundary. As such, we wrote
a high-level Rust wrapper library called psrdada_rs."® Much like
casperfpga_rs, this library adds a significant number of compile-
time checks to guarantee correct usage before runtime.

clean_rfi implements simple masking, variance-cut, and
detrending algorithms to iteratively remove RFI from a block
of dynamic spectra. Specifically, we start with a static mask of
bad channels for frequencies that are consistently contami-
nated. Then, we remove all samples that contain zeros, as the
typical noise floor will be just above zero and pure-zeros
represent dropped packets. Next, we remove bandpass
variation by dividing each sample by the time-average
frequency response. Finally, we perform variance cuts in both
the frequency and time axes by removing data above some o
threshold. We perform these final variance cuts twice, with a
higher ¢ in the second pass. Currently, the iterative variance
cut process removes time samples /frequency channels that are
greater than 3¢ and then 50.

3.7. Real-time Detection Pipeline

After the dynamic spectra data were cleaned, they are
passed along to our fork'® of HEIMDALL. We use
HEIMDALL, and the associated dedisp library, as the
implementation of the brute-force dedispersion search. Our
fork removes the built-in RFI cleaning routines, removes
candidate clustering, adds a structured logging library, and
enables writing candidates to a network socket instead of a file.
As we will be running the search in real time, the included RFI

'7 hitps: //github.com/GReX-Telescope/clean_rfi
'8 hitps: //github.com /kiranshila/psrdada-rs
' hitps://github.com/GReX-Telescope /heimdall-astro
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Figure 6. Detection candidate for an injected burst.

cleaning and clustering routines were too slow for our high
time-resolution data.

HEIMDALL then writes lines of candidates over a local
network socket to the candidate filtering task, 72. This program is
a fork of the 72 Python project written for DSA-110, modified to
work with our data formats. This program ingests the stream of
candidates emitted by HEIMDALL, clusters them using
HDBSCAN (Mclnnes et al. 2017), filters the clustered results
in dispersion measure, SNR, and boxcar width to produce
candidates. Additionally, for every viable candidate, a message is
sent to 70 to dump the contents of the voltage ring buffer to disk.

T3 is the final stage in the pipeline, another fork from the
DSA-110 project. This program watches the directory where
candidate files are written and generates plots of the
dedispersed, RFI-cleaned dynamic spectra. These candidate
plots are then pushed to a Slack channel, where members of the
collaboration get real-time notifications. An example of this
notification is shown in Figure 6. Eventually, 73 will perform
machine learning-based candidate classification as well as inter-
station communication for coincidencing and localization.

The whole pipeline is orchestrated through a single bash
script. This script launches all the tasks sequentially using
GNU Parallel (Tange 2025), including the initial setup of the
PSRDADA buffers. The script has several launch modes,
allowing the operator to run the full processing pipeline,
stream into a named PSRDADA buffer, stream into a
filterbank file, etc. Once the detection pipeline has sent a
trigger, 70 writes a self-describing NetCDF binary file of
voltage data to disk where the candidate can be processed
offline. Finally, we monitor the pipeline using an online
Grafana dashboard, shown in Figure 7.

3.8. Technosignature Searches

GReX units can also be used to carry out technosignature
surveys. GReX’s large field of view enables the constraining
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Figure 7. Grafana dashboard monitoring system performance.

of upper limits on the prevalence of intelligent life in the local
galaxy. Presently, two technosignature pipelines can be
deployed. A high-spectral-resolution technosignature detection
pipeline can be deployed to search for drifting narrowband
technosignatures. In the case of GReX, coincidence rejection
from two or more units can be used to mitigate non-terrestrial
narrowband signals (Johnson et al. 2023). Additionally,
artificially dispersed signals can be searched for, as described
in Gajjar et al. (2022), by deploying SPANDAK?® on GReX.
The minimum power of a transmitter that can be detected is
given in terms of effective isotropic radiated power, for a
narrowband signal, this is expressed as

EIRP min,narrow(fa la b)
2kasys(L b) 1

Ac(f)  nptonsdr

Here, o is the required signal-to-noise ratio (SNR), ov is the
bandwidth of the received signal, 7., is the observing
integration time, A.(f) effective area of the telescope as
function of frequency, Ty(l, b) system temperature as a
function of sky position, n, is the number of polarizations, and
d, is the distance between the transmitter and receiver, i.e., the
distance to the star. A value of 1 Hz is assumed for év,. For
narrowband signals considered in Doppler searches. Similarly,
an artificially dispersed signal can be expressed as

EIRP min,disp(f7 l» b)
2kasys(L b) 1
A.(f) n, ov T '

=0 - 4nd?

ey

=0 - 4nd?

2)

However, in this case 7 represents the pulse duration of the
dispersed burst where 1 ms is assumed. A technosignature
emanated from Alpha Centauri (1.34pc) would require
12 x 10”WHz ' and 4.9 x 10> WHz ' for a dispersed

20 https: //github.com /gajjarv /PulsarSearch/

burst and a narrowband signal at an SNR of 10. Here the
maximum effective area of GReX is used along with a Ty, of
50K. The wide FoV of GReX places it as a useful tool in
characterization of potential technosignatures enabling mean-
ingful constraints in the observing band.

4. Deployment

At the time of writing, five GReX units are currently
operating on-sky (Figure 8). Their locations and beam
responses on-sky are shown in Figures9 and 10, with two
additional units planned for deployment at the Parkes
Observatory in New South Wales, Australia and Gauribidanur,
India. The first operational unit was deployed at Owens
Valley, followed by Cornell, Hat Creek, Birr, and Harvard.
Details of each deployment, including installation processes
and site-specific considerations, are outlined below.

4.1. Owens Valley Radio Observatory

The deployment at the Owen’s Valley Radio Observatory
took the place of the previous STARE?2 system in 2024 May.
We made use of the same location and fiber optic connections.
Installing at the site involved the final assembly of the box,
termination of fibers for the Ethernet connection, and testing.
Once the box was powered, we performed Y factor measure-
ments to ensure we achieved our desired sensitivity.

4.2. Cornell

The installment of the GReX terminal at Cornell University
followed a three-stage plan: site testing and preparation,
debugging GReX hardware and software, and site installation
with first-light measurements. Full deployment of the system
was complete with the start of burst injections in early 2024
July. The terminal has remained on-sky at this site since this
initial deployment.


https://github.com/gajjarv/PulsarSearch/

Publications of the Astronomical Society of the Pacific, 137:075001 (19pp), 2025 July

Shila et al.

Figure 8. Deployed GReX terminals from left to right: Hat Creek Radio Observatory (USA), Cornell University Space Sciences Building (USA), Owens Valley
Radio Observatory (USA), and Rosse Observatory (Ireland), and the Smithsonian Astrophysical Observatory at Harvard University (USA).
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Figure 9. Mercator map with deployed and on-sky GReX stations (4) along with stations at various stages of deployment (¢).

Prior to receiving any hardware or software, we began a
site-searching campaign to identify an optimal site to host the
GReX terminal. This site needs to meet four primary
requirements: (1) easy access to electricity and internet, (2) a
weatherproof and secure location to host the GReX server, (3)
an unimpeded view of the sky from the terminal, and (4) a
minimal level of radio frequency interference (RFI) within the
observing band. To facilitate this search, we developed a
portable device for recording the RFI environment of a
potential site. This device includes (i) a chargeable battery-
pack for power, (ii) a Siglent Spectrum Analyzer for signal
analysis, (iii) and a signal path consisting of a bias-T with 12-
V power supply and a 1320—1580 MHz band pass filter*' all of
which is contained within a (iv) portable rack case. For
consistency, we used the LNAs and cake pan antenna from the

2! Mini-Circuits ZX75BP-1450-S+.

GReX system, with the initial goal of identifying any extreme
continuous RFI that would immediately disqualify a potential
site. We then ran follow-up measurements spanning at least
one day of collecting time at sites with acceptable RFI levels to
search for the presence of any intermittent RFI that was missed
during the first survey. Following this second batch of
measurements, we computed Y-factors and equivalent system
temperatures (see Section 6 for details) for each of the
remaining potential host sites. All sites showed roughly
equivalent baseline system temperatures across the observing
band. The Space Sciences Building (SSB) roof on Cornell’s
campus is the lowest system temperature site of those surveyed
that meets all four primary site requirements. This, combined
with the ease of access from having the GReX terminal located
in the middle of campus, has led to us selecting the roof of
SSB as the permanent Cornell GReX terminal location.
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Figure 10. Figures showing current (¢) and upcoming (¢) GReX terminals (Figure 9), their coverage of the Galactic plane, and sources of interest. In (a) we show
the total exposure time of the GReX system by averaging the simulated 2D Gaussian beam responses of each terminal over a single day. We include markers for the
magnetar population taken from the McGill magnetar catelog Olausen & Kaspi (2014) as that population produced the only detected Galactic FRB. We also include
pulsars from the ATNF pulsar catalog Manchester et al. (2005) as a proxy for the extent of the Galaxy. The Crab is singled out as giant pulses are potentially
detectable with GReX. We also include M31 and the Virgo Cluster as locals from which an extraordinarily bright FRB might be detectable by GReX. In (b), the
grayscale heatmap represents the non-overlapping (joint) beam response for all terminals at a single instance in time, rather than the total exposure time over one day.
We use this joint beam response to avoid overestimation from overlapping beams when calculating the exposure time in (a). The contours enclose regions of sky
where the beams of multiple stations overlap, which we consider occurring when those beams are at or exceed their half-maximum gain. The cyan, pink, and yellow
contours enclose regions with two, three, and four terminals satisfying this condition. Beams are simulated as 2D Gaussians with Opwpy = 65.18, in accordance with
our determination of the beam response at 1420.4 MHz in Section 5.
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The second stage of deployment is characterized by the
arrival of hardware (the server and GReX terminal) on site and
subsequent software setup and bug-fixes. We received the
servers and terminal box at Cornell at the end of 2023 June. As
the second deployed GReX terminal, we spent a few months
working closely with team-members at Caltech on hardware
and software bug fixes. This effort helped develop the
comprehensive GReX software guide®> for “ground up”
installation, from connecting the server to the Raspberry Pi
and SNAP board in the terminal box to running the full GReX
real-time data capture pipeline.

With this bug-fixing period complete, we moved to setting
up the terminal box on our selected site Figure 8 (Center Left)
and taking first-light data collection. This included an initial
collection of ADC rms values and observation of the spectra
collected on site. To prevent overflowing or underflowing of
the ADCs, we tuned the adjustable gain in the terminal FEM.
Two easy astrophysical signals to detect on first light are the
presence of the solar continuum (seen as an overall increase in
the spectrum as the Sun enters the beam) and the H 1 emission
line from Galactic hydrogen centered near 1420.4 MHz. The
absence of either of these signals indicates that the terminal is
not properly observing the sky and requires further fine-tuning,
usually either due to an inappropriate FEM gain or spectral
leakage within the LNAs. Once these checks are passed, we
move on to carry out tests of the terminal sensitivity
(Section 6) which will give us estimates of the receiver gain,
the system temperature, and the resulting system equivalent
flux density (SEFD).

4.3. Hat Creek Radio Observatory

The GReX deployment at HCRO Figure8 (Left) was
completed in 2024 June. Before installation, the box was first
tested in a screened room using a spectrum analyzer connected
to an omnidirectional antenna and external amplifier. Mea-
surements were conducted with the GReX unit turned off for
baseline measurements and then powered on with the box both
open and closed with RF absorbers placed inside the enclosure.
Steel wool was added to the fiber cable opening to enhance
shielding. These measurements (discussed in Section4.5)
show that the self-generated RFI is stronger than expected,
and necessitated installation at a more remote location on-site
to avoid interference with other experiments.

4.4. Rosse Observatory

The deployment of the GReX unit in Ireland was completed
in 2024 December at the radio observatory of Trinity College
Dublin. The Rosse Observatory is situated in Birr, in the
relatively low population density Irish Midlands. The site
already hosts the Irish LOw Frequency Array (LOFAR) station

22 hups: // grex-telescope.github.io

Shila et al.

(van Haarlem et al. 2013; Murphy et al. 2021) and other
smaller experiments. As the GReX deployment was in close
proximity to the LOFAR station, any unintended emission
from the GReX unit in the LOFAR band was measured in the
lab, prior to deployment, see Section 4.5. Due to the harsher
weather conditions in Ireland, the GReX unit underwent
further waterproofing with extra sealant on the box where all
components are housed (see Figure 3). The most notable
modification is the use of a radome housing, as it is radio
transparent and often used on marine vessels to protect
equipment from harsh outdoor elements Figure 8 (Right).

4.5. Self-generated RFI

As GReX is intended to be hosted at radio observatories as
well as universities, tests of the self-generated RFI are critical
to maintain spectrum purity at sensitive sites. Lab tests of the
box’s emission were performed at HCRO and Birr, but not at
OVRO due to lack of resources. Additionally, Stokes I data
were taken using I-LOFAR at Birr while GReX was
operational. The lab tests of the closed box’s emission are
shown in Figure 11. The results from the tests at HCRO in the
300-6000 MHz band indicate that GReX in its current form is
not yet suitable for installation close to sensitive telescopes
observing in this band. We believe the RFI retrofitting of the
commercial enclosure used to house the electronics is
primarily at fault. Further experiments with other RFI gaskets
and conductive tape show a marked improvement in radiated
power, but not totally acceptable for sensitive sites, especially
at L-band. However, Stokes I data from I-LOFAR (shown in
Figure 12) show no appreciable contamination. Additionally,
the various ongoing experiments at OVRO such as the DSA-
110 and LWA have also not noticed any increase in local RFI.

While some mitigations have substantially improved the
unit’s radiated power, the box remains a moderate RFI source.
The self-generated RFI has not proven to be an issue for the
FRB detection pipeline, nor has it interfered with experiments
at operational radio observatories. However, the emission
remains an open issue and prevents installation at some sites.
Further work is needed to identify problematic components
and improve shielding.

5. Beam Modeling with Measurements of Galactic HI

The Hydrogen I (HI) emission line is an omnipresent and
easily identifiable time-varying signal within the GReX
observing band, making it an ideal metric for ensuring that a
GReX terminal is observing the sky properly. Captured spectra
in the Prometheus database are accessed by Grafana to display
estimates of the HI SNR in real time at the top of all Grafana
dashboard monitors. While the HI-line intensity provides a
useful sanity check that a terminal is properly observing the
sky, its usefulness does not end there. In this section, we
present the results of our method for using the measured
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Figure 11. Measured power spectrum from 10 to 6000 MHz of a closed GReX box. The blue trace shows the spectrum when the unit is powered on, while the gray
trace represents the baseline measurement. The frequency range of 10-300 MHz was measured at Birr in a lab and 300-6000 MHz was measured at HCRO in a

screened room.
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Figure 12. 15 minutes Stokes / spectra measured using I-LOFAR with the GReX unit powered on and off, covering all observing modes from 10 to 270 MHz. The
mean absolute error (MAE) was calculated for each measurement, comparing the powered-on spectrum to the baseline (powered-off) measurement.

HI-line intensity at the OVRO and Cornell terminals to
estimate the FWHM (and corresponding solid angle) of the
GReX antenna beam-response.

Following the prescription detailed in Appendix B, we use
the Leiden/Argentine/Bohn (LAB) all-sky survey of galactic
neutral hydrogen (Kalberla et al. 2005) to simulate the expected
antenna temperature as seen by the terminal over one sidereal
day (sampled every 10 minutes) for fifty different beams with
Opwums ranging from 50° to 100°. We query HI-line
observations from the Cornell and OVRO Prometheus data-
bases with time steps of ten minutes over a month. We only
keep days where the data is continuous across the day to
consistently align the data and simulations according to the local
sidereal time (LST) before normalizing both such that the
average temperature over one day is a constant between all
simulations and observations. For each time sample across the
sidereal day, we calculate the observed H I-line mean intensity
and standard deviation. Any samples that exceed a 3¢ deviation
from the mean are considered to be impacted by RFI and are
ignored when calculating the root-mean squared (rms) residuals

11

between observations and models. Any days with more than 5%
of samples above this threshold are fully ignored. After RFI
mitigation, there are 23 and 11 days remaining from the Cornell
and OVRO measurements, respectively. With the data aligned,
normalized, and cleaned of RFI, we calculate the rms error
between each day and each model. Figure 13 presents the
aligned and normalized observed and simulated HI-line (left)
alongside the rms errors of each day against all modeled beam-
shapes (right). While all rms curves display consistent profiles
which have minima that are clustered around the average
FWHM, there are some curves in Figure 13(d) that minimize at
a higher rms than is typical. We attribute this to the presence of
RFI-affected samples that did not get removed by our thresh-
olding process. The modeled Orwpnms corresponding to the rms
minimum for each day are taken as the population of best-fit
parameters. We determine the general best fit model as the mean
of this population, with a 1o uncertainty in the FWHM given by
the population standard deviation. Using this method, we
determine that the Cornell terminal has a beam response at
1420.4 MHz that is well-characterized as a 2D Gaussian with
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Figure 13. Observed data and corresponding simulations of the H I-line by the Cornell University ((a) and (b)) and OVRO ((c) and (d)) GReX terminals are used to
fit the beam FWHM at 1420.4 MHz. Simulations are rendered following the prescription in Appendix B. The observed (colored step-function lines) and simulated
data (gray shaded region bounded by red and black curves) are aligned by local sidereal time and samples overly affected by RFI are excluded when calculating the
rms error. The population of FWHM values that minimize the rms errors for each terminal and each day are then used to determine the mean (black dashed line, (b)
and (d)) and standard deviation of each terminal FWHM. The characteristic FWHM of a GReX terminal (Equation (3)) is presented in (b) and (d) as a solid red line
with 30 shading. We then scale the solid angle across the observing band according to the relationship Q5 o< f 2 in (e).

05w (1420.4 MHz) = 67.44 + 0.99. The OVRO terminal is
similarly described by a 6 visy (1420.4 MHz) = 64.29 + 0.62.

Since all GReX terminals are outfitted with identical feeds,
we consider the beam response of a typical feed to be a good
description for all feeds. This typical beam response at

1420.4 MHz is then characterized as

* \/ 1 ] 1
+
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0 OVRO cu
FWHM — 1 1

2,
7cu

4CU

2
70OVRO

65.18 + 0.53
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FWHM
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We use 5 o f 2 to determine the solid angle as a function of
frequency

1931.7 4+ 28.4
2

This functional relationship (and equivalent comparisons for
the individual terminal fits) is presented in Figure 13(e). We
determine from this relation that the beam solid angle near our
central frequency is (23(1400 MHz) = 1.40 + 0.02 sr. We also
report the maximum effective area A of the receiver across the
band as Ap = 328 + 5 cm? according to Equation (A6).

QB(f) = r MHz2 3)

6. Sensitivity

Understanding the sensitivity of the GReX instrument to
incoming signals is necessary for defining the strength of those
signals and being able to place them in an astrophysical
context.
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Figure 14. System temperature and relative receiver gain measured for the GReX terminals at Cornell, OVRO, and Harvard. Dashed lines show the median system

temperature with associated 16th and 84th quantile error bars.

The receiver gains and the system temperatures for the
Cornell, OVRO, and Harvard stations are shown in Figure 14,
computed using a Y-factor test (Equation (A12)). Sky mea-
surements are taken before daybreak or after sundown to
ensure emission from the Sun does not enter the beam. This
allows us to assume a constant sky temperature of 5.5 K, with
2.7K from the CMB, 1.9K from atmospheric effects, and
0.9K from galactic effects (Vine & Saji 2004). We placed a
slab of ambient-temperature (nominally 290 + 5K) radio-
absorbent foam over the terminal antenna while taking hot data
for the Y-factor test. Data were saved in the Stokes / filterbank
format for the hot foam and cold sky states.

The system noise temperature for a GReX terminal is
approximately 35 K, averaged across the band. Obstructions in
the beam such as buildings and trees will worsen the noise, as
well as the presence of strong RFI desensitizing the receiver.
As such, optimal placement and configuration of attenuation/
gains is critical to maximizing performance.

The second essential measure of system sensitivity is the
forward gain (g) of the receiver. This quantity depends
primarily on the integrated beam response function across the
sky (Equations (A7), (A6)), since that is the value mediating
between the true brightness temperature integrated across the
telescope beam and the nominal effective temperature
representing the observed temperature (Equations (A4),
(AS)). Applying the effective area of the terminal found in
Section 5 to Equation (A7), we compute the forward gain as
gr= 842+ 1.3Kly K~'. Multiplying this value by the system

13

temperature gives an SEFD of approximately 3 MJy. When
determining our detection threshold, we consider a proto-
typical burst that fills the band and lasts 1 ms. Our detectors are
sensitive to an effective bandwidth of 188 MHz (75% of the
total bandwidth) and the use of matched-filtering with a set of
boxcars in the detection pipeline allows our integration time to
match the 1 ms burst width. By averaging over these samples
in frequency, time, and both polarizations, we find that for an
event to attain an SNR of 10 (chosen as a fiducial value with a
reasonable empirically determined false-positive rate), it must
have a corresponding flux density of at least ~50kJy.

This is a minimum requirement, as the angular deviation of
a source away from the center of the detector beam at the time
of observation increases the required flux density necessary to
detect the burst.

7. Upper Limit of Bright FRBs

We constrain the upper limit on FRBs at least as bright as our
detection threshold by estimating the number of detections over
some time as a Poissonian process given the single detection by
STARE2 and, at present, zero detections by GReX. For this
analysis, we will only consider the time on sky at the OVRO
site. The Poissonian process has a probability distribution of

k ,— M1
p(kIA, ) = (AT% , ©)

for k events given the event rate A and observation time 7. To
estimate the event rate A with k = 1 after time on sky of 7, we
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Figure 15. Posterior distribution of FRB event rate A with associated dashed 95% confidence upper limits.

solve for p(Alk = 1, 1) via Bayes’ theorem assuming a flat
prior on A where p(\) o< 1 via

plk =110, mp(Y) _
ple=1)

p(Alk =1, 7) =

7A71. (7)
This result is a gamma distribution with a scale of 2 and a rate
parameter of 7.

Given our center-frequency beam solid angle of ~1.5sr
from Equation (4), at any given time the station is sensitive to
only 12% of the sky. At the time of the STARE2 detection of
FRB 200428, it had been observing for 448 days. Assuming a
75% observational duty-cycle, we compute 7y = 1.23 yr X
0.12sky x 0.75 = 0.11 sky yr. STARE?2 continued to observe
after FRB 200428 until it was superseded by GReX in 2024
May. In total, a station at OVRO has now been observing for
6.3yr. We then compute a new rate parameter of
71 =63yr x 0.12sky x 0.75 = 0.567 sky yr.

Shown in Figure 15 are the probability distribution functions
for the event rate A, implied by the observation time at the
detection of FRB 200428 and the current total observation
time. The STARE2 detection placed an upper limit on the rate
parameter of 43.13 sky ' yr', with wide uncertainty due to
the limited time on sky. Adding the subsequent non-detection
time significantly reduces this estimate to 8.37 sky ' yr ', A
more thorough analysis of the rate including overlapping sky
and time, luminosity, etc. will follow in a subsequent paper.

=12\

8. Conclusions and Outlook

We have described the GReX, a network of low-cost
1.4 GHz radio antennas searching for bright transients between
32.768 us and 1.024 ms. Terminals have been deployed at

multiple sites around the world, though most are currently in
the US. Since the discovery of FRB 200428, GReX and an
upgraded STARE?2 have more than quadrupled the total square
degree hours devoted to ultra-bright FRB searching. The
improved system temperature of GReX LNAs over the original
STARE?2 hardware results in ~twice the sensitivity, resulting
in a deeper search. We also search for extremely narrow bursts
<1 ms, which is not possible at lower frequencies or in
systems with a large number of beams. With no detections, we
update the all-sky rate of FRBs above ~50klJy to be no larger
than 8.37sky 'yr ' at 95% confidence. This indicates that
FRB-like emission from Galactic sources is rare, and
FRB 200428 was even more unusual than initially thought.

The GReX boxes have proven to be replicable and stable.
For example, the OVRO GReX terminal did not require on-site
human intervention for more than a year of observation. Five
sites are on-sky and continuously searching for bright FRBs.
These locations are OVRO in California, the Cornell GReX in
Ithaca, New York, Harvard GReX in Cambridge Massachu-
setts, Hat Creek GReX in California, and an Ireland station in
Birr. A box has been shipped and tested in New South Wales,
though not yet deployed. In the future, we hope to expand to
multiple sites in the Southern Hemisphere to improve exposure
to the Galactic plane, where most magnetars reside.
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Appendix A
Telescope Calibration

The factors of importance for determining the instrument
sensitivity are three-fold: (1) the telescope response to an
incoming signal as a function of angle, (2) the gain of the
receiver, and (3) the system temperature of the instrument.
Noise is added to an incoming signal during its propagation
through the amplifiers and other electronics of the system. It is
practical to begin by considering the specific intensity (,) of a
signal, since it is a conserved quantity through empty space.
However, the quantity that describes the spectral power of the
source received at the detector is the flux density,

S, = j; dQ[1L,(0, ¢)B(0)cos0]. (AD)
B(6) describes the response of the receiver to incoming
radiation and is equivalent to the normalized effective area
A0)/Aq, where Ay = A0 = 0) = A, nax- In this notation,
0 = 0 points along the normal vector of the telescope receiver
and ¢ describes the azimuthal angle about that normal vector.
The cos # term in the integral describes the effect of projecting
the incoming spectral power across the detector at different
inclination angles. The beam size of a telescope is relatively
small in most cases, so B(f) falls to zero rapidly and cosf =~ 1,
but this approximation does not hold for the GReX instrument.
Since the behavior of the cos # term describes the Flux Density
seen at the detector, it is absorbed into the beam response
function B(#). It is standard practice to express the specific
intensity () of astrophysical signals in terms of their
equivalent brightness temperature (7;,) using the Raleigh—
Jeans approximation:

2kpT,
X
For a given distribution of brightness temperature on the sky

(T(0, ¢)), the detected flux density is
2kB

I, ~

(A2)

=, 49150, 9)BO). (A3)

We can prescribe a constant effective temperature (7.g) that
gives the same flux density as for an arbitrary brightness

Shila et al.
distribution:
f dQ[T, (0, $)B(O)] = Ty f AQUB(0)] = T Q.
Q Q

For a single-pixel instrument like GReX, this is equivalent to
the antenna temperature contributed by the source. If the
source does have a constant brightness temperature across the
beam, then it is apparent that T.s accurately describes the
source temperature. However, for sources covering a small
patch of sky (7, (0, ¢) = T,A, where N ~ §(0 — 0/, ¢ — ¢))
centered at (¢, ¢') and with total solid angle 24, the beam
response and source brightness temperature are approximately
constant and

fQ Ty(0. $)BONdQ
Qp

Togr =~ 1,B (0’ .
fif ()Q

B

Since the flux density is related to the effective temperature
like

2kpSlp

S, = v

Ter,

a source at a distance 60 from the center of the beam will have
its flux density at the receiver reduced by a factor B(66) than if
it were centered in the beam:

S, (06) =~ B(60)S,(0).

While flux density is usually not used to describe extended
sources with variable brightness temperature, we do use it for
calibration of the instrument as described in Section5 with
measured and simulated values of the hydrogen I line
brightness temperature from diffuse Galactic gas. As such,
we include an expression for the antenna temperature for a
well-known brightness distribution:

Ty= [ dQUT0, HBO), (A4)
Q
where B describes the normalized telescope response
o) - 20 (AS)
Qp

The effective area of the telescope has the intrinsic property
that

b _ X

Ao = .
(el b 4

Following from this, and B(0) = A.(0)/A,, the maximum
effective area is

(A6)
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The forward gain (gy) relates the antenna temperature to the
source flux density as

2kp$2
S, = ngeff — & = ; >
equivalent with
2kg
= — A7
&= 4, (A7)

Since the forward gain relates the observed temperature of a
source by the instrument to the flux density of that source, it is
a critical component for defining the sensitivity of the
instrument.

Due to the prevalence of describing observed signals in
terms of T4, it is convenient to describe all sources that
contribute additive power to the signal within the system as a
system temperature (7yy), even though the noise is not
necessarily thermal in nature. While there are many sources
that contribute to Ty, we focus on the thermal noise within the
receiver electronics (T,..) and the background temperature of
the sky (Tqy). At any time, the total observed temperature by
the system is

Tons = T + T;ys = Ty + Trec + Eky' (A8)

However, GReX data is natively stored as linear intensities
with arbitrary units (/). The receiver gain (G, in K/arb)
converts the linear intensities into Kelvin

Tops = Glap. (A9)

Since Ty is well characterized to account for atmospheric
effects and background radiation, our sensitivity analysis
needs to account for G and Ty so that the effective source
temperature can be isolated as

T = Glony — I;ky — Tiec (A10)

We determine G and Ty by performing a Y-factor test with
two known values for T,. We first take measurements of the
unobscured sky with a GReX terminal before collecting data
again, this time with a slab of room-temperature radio-
absorbent foam covering the receiver. Under the assumption
that there are no significant astrophysical sources present in the
data, we now have

T;ky + Trec L= ﬂxot + Trec
G G

1= (AT1)
The Y-factor (Y = I/I;) is then expanded according to the
above equations and rearranged to give the following
expression for the receiver temperature

_ 7Lot - ngky

Tee = Al2
Y —1 (Al12)
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From this value, the receiver gain is trivially
G _ Elot + Trec _ (YLOt B I;ky)' (A13)
L (L -1

Ideally, this receiver gain is roughly constant over observing
epochs, but changes in temperature and degradation of the
electronics can cause slow changes in this value. Of course,
any changes to the programmable gain in the FEM of a GReX
terminal will require remeasuring the receiver gain. The more
volatile value is the system temperature, which can change
depending on environmental effect such as prevalence of RFI
and accumulation of water in the feed, among other potential
issues. As such, it is useful to measure Ty semi-regularly.

Once G and Ty are well characterized for the terminal, we
compare the measured T, of a source to its known flux
density to determine the forward gain. We utilize all-sky maps
of neutral galactic hydrogen to simulate the expected flux
density as seen by the GReX terminal and compare this with
the measured T of the HI line by the instrument to calibrate
grin Section 5. The conversion of temperature units into flux
densities is commonly applied to the system temperature of an
instrument to define its SEFD

SEFD = 5,55 = & Trys. (A14)

Since we are dealing with dynamic spectra that contain signals
across multiple frequency channels, time samples, and
polarizations, it is helpful to consider the power and
temperature within the detector noise that limits the detect-
ability of a signal. A signal spanning a bandwidth Ay with
total integration time 7 that is seen in both polarizations of a
dipole antenna will be present in N = 2Awvr total samples. The
detectability of such a signal depends on the SNR

SNR = D

rms

(A15)

where T,ms = o7/~/N describes the root-mean-squared noise in
the system temperature. Assuming that the thermal noise
contributing to Ty, is exponentially distributed such that
Tsys = pur = oy, then

We can then rewrite the SNR as
T;I‘C

SNR = = /N.

Tsys

The SNR is a useful measure since this ratio of temperatures is
equivalent to the corresponding ratios of native system
intensity units and the ratios of Flux Density. Converting the
above expression to flux densities gives

Su,src = SNR@

N
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The flux density threshold for detection is then given by
SI/,min - SNRmin . NEFD,

where the NEFD (noise-equivalent flux

is NEFD = g;Tims = SEFD /+/N.

density)

Appendix B
H1I Line Simulation

The LAB data is an all-sky map of the brightness
temperatures of neutral galactic hydrogen binned into discrete
velocity channels. These scalar velocities represent the
component of the motion of the neutral galactic hydrogen
along the line of sight from the solar system to the gas within
the local standard of rest (LSR) frame. The original data
format for the LAB survey had a velocity channel spacing of
~1.031kms™' and a total velocity range of —450 to
+450kms ™', but this data was conglomerated into wider
bins with a spacing of 10km s~ '. This was done by averaging
the brightness temperatures of the narrower bins into those
respective larger bins. Thus, the LAB all-sky map is stored in
HEALPix (Goérski et al. 2005) file format with separate files for
the difference wide velocity channels. Each HEALPix
velocity-channel file has data stored in two fields: the first is
a TEMPERATURE field, which gives the brightness temper-
ature within the channel for each sky position pixel; the second
is called the SIMULATION field, which gives the number of
original ~1.031kms™' velocity channels that were used in
calculating that brightness temperature. From the TEMPER-
ATURE field, we construct a map of brightness temperature,
Tui(¢;, bj, vi), where (¢}, b;) describes the central position of the
Jjth pixel in galactic coordinates and v, gives the kth velocity
channel in the LSR frame. To construct an expected spectrum
of H1 from this map for a specific terminal and observing time,
we need to: (1) account for the velocity, vs, and central
pointing, (£, b)ops, Of the terminal in the LSR frame at that
time; (2) remove the velocity of the observer in LSR along the
LoS to each pixel from the neutral hydrogen velocity in LSR to
get the gas velocity in the terminal’s frame; (3) compute the
angular deviation (66) of each pixel from the central pointing
of the terminal feed and use that to construct a simulated
2D Gaussian beam response B(66); (4) convert hydrogen
velocity in the observer frame to HI line frequency (fgro =
1420.40575 MHz) and bin frequencies into observing chan-
nels; and (5) for each frequency channel, integrate the
brightness temperature map over the 47 steradians of sky
modulated by the telescope beam response function (B(60, f))
to get the expected spectrum of brightness temperature of HI
as seen from a GReX unit.

To compute the velocity of neutral hydrogen in the
reference frame of the GReX terminal along the LoS to each
LAB data pixel, we need to start with an expression for the
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overall gas velocity in the observer frame:
VH, 0bs(f) = VH,LSR — Vobs,LSR (£).
Then, the velocity of gas along the LoS to the jth data pixel is
VH,obs,j (1) = 7j + (VH,LSR — Vobs,LSR (1)),

where 7; is the unit vector pointing along that LoS. The scalar
velocity channels of the LAB data are already the gas velocity
along the LoS, so our final expression is

VH,jk,obs(!) = VELLLSR — Vobs,jLSR(Z),

where Vobs,j,LSR t) = ﬁj * Vobs,LSR (t) is the component of
observer velocity along the jth LoS. Astropy handles the
conversion of sky positions and velocities between different
reference frames and coordinate systems to generate values for
Vobs,,Lsr- We begin by defining an EarthLocation object for
the terminal in geodetic coordinates (Xopsgeo(lat, lon)),
converting to a location in the barycentric celestial reference
system at a specific time (f), which is then transformed directly
into ICRS and then LSR coordinates (Xops.SR(Xobs,ge0r 1))-
Astropy then computes the Cartesian differential of the
EarthLocation object to determine the the GReX terminal
velocity within the LSR frame (vobsrsr(f)) in (x, y, 2)
coordinates. The LoS unit vector 7i; = 7i({;, b;) that points
from the observer toward the galactic coordinates ¢; and b; is
generated by converting an AstropySkyCoord object at those
galactic coordinates into (x, y, z) to remain consistent with
Xobs,LsR and Vobs 1.sr (£). The terminal’s velocity within the LSR
frame along each LoS toward an individual LAB data pixel is
then computed as the dot product

Vobs,j,LSR (!) = 1 * Vobs LR (£)-

The frequency of the HI line as seen by the GReX terminal
along the jth LoS and from the kth LAB data velocity channel
are computed from this scalar gas velocity according to

le,j,k = (1l — ﬁj,k)fﬂ[yo,

where 3,1 = VobsjLsR/Cs Vik = 1/,1 — ik’ where furo is
the lab-frame frequency of emission for neutral hydrogen gas.
After applying these transformations, our map of brightness
temperature is formatted as T(¢;, bj, fjx). To standardize the
data, we consider a hypothetical observing frequency channe-
lization scheme labeled as f; such that channel edges directly
abut one another. The temperature map is then reconfigured
such that

Tt bjs £ 1) = 3 TGy, bjs o ) 1f i (1) € £,
k

and we now have an all-sky map of brightness temperature
within each frequency channel at each observing epoch.

The actual brightness temperature seen by a GReX terminal
is found by integrating the brightness temperature of your
source over the normalized beam response function of the
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feed:
deQ[Tm({’, b, f,)B(L(t), b(1))]
fQ dQBL(1), b(1)) )

In our case, we replace this integral with its numerical
counterpart

T, ) ~ 3 AQUTu (&, by, f;» DB @), b)),
i

T, f) =

which requires that we compute the normalized beam response
function for a GReX terminal at each LAB pixel galactic
coordinate as a function of time. We model the normalized
beam response as a two-dimensional Gaussian

B0, Orwim) = lee74ln2[0/0FWHM]2’

with a full-width at half maximum of Ogwgn. It is important to
note that the Queam < f -2 relationship according to the
radiometer equation means that the beam needs to be
simulated for every frequency channel. We numerically
integrate over simulated beams across a range of different
Orwamand interpolate between the resulting Qp(Opwrn). We
consider a characteristic beam width Qz(fig10), which can be
scaled across the band according to the inverse squared
frequency dependence. We assume that {2 =~ Qp(fyro) in the
~2MHz of band used in this analysis. We parametrize the
angle dependence of the beam response function into galactic
coordinates such that § — 60(¢{;, b;) = 60;, where 00 describes
the off-axial deviation of the jth data pixel coordinate from the
beam central pointing (¢, b)yps. Thus,

B0, 0 rwim) — B89, 0 pwim(f))
— QE16*4ln2[59//9}~‘W1—rM(f)J2

The normalizing factor {2 is found by numerically integrating
the beam response over the full 47 steradians of sky at the
HEALPix data coordinates,

& Y
QO pwim () ~ | AQY "o |

J

The central pointing of the GReX feed is needed to calculate
00, We first define an AltAz frame for the terminal at the
appropriate EarthLocation and time, ¢t which is then fed into a
SkyCoord object with the corresponding altitude and azimuth
values for the feed (which should be 90° and 0°, respectively).
We then extract the galactic coordinates that correspond to this
SkyCoord object, which acts as the central pointing of the feed,
(¢, D)ops(t). The difference in angle (66) between the jth data
point and the terminal pointing in galactic coordinates is
calculated according to

cos 00;(t) = cos[90° — bops (1)]cos[90° — by]
+ 5in[90° — bobs (1)15in[90° — bj]cos[f; — Lops ()]
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We include a small-angle approximation for numerical
stability, which gives the resulting angular distance as

86,t) = {1/2[1 ~ cos 60,11,

arccos|cos 60;(1)],

[1 — |cosdb;(t)|| < 10°°
else '

Using this definition for 66,(r), we generate an all-sky map of
the beam response at each HEALPix data coordinate for all
observing times and frequency channels,

B s bys f5 1) 41 2( %6, )2
0 rwmm, . \Lj> Ojs Ji» =exp| —4In2| —— ,
I O rwam(f)

and compute the normalizing factor as (1, f) =
AQZj By, (&> by, f» 1). Substituting the expressions for
Orwrnm(f) and 66,(¢) into the earlier expressions for B and (g
yields the normalized beam response (B) as a sky map at the
HEALPix galactic coordinates for each observing time and
frequency channel.

We can now apply this set of simulated beam responses to
the all-sky temperature map (Twi(¢;, b;, f;, 1)) and sum over the j
data coordinates to generate the expected observed spectrum of
neutral galactic hydrogen in temperature units as seen from the
GReX terminal at each observing time:

m;[THI("j’ bjs f; s D Borwam. o, (s bjs fis DI-
In Section 5, we use the method described above to generate
the expected spectra of the H I-line for terminals at OVRO and
Cornell University. We find that integrating across the
spectrum at each observation time and comparing the total
H I-line intensity was sufficient for determining the size of the
terminal beams.

Tt f) =
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