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Abstract: <p>CHIME is a new interferometric telescope at radio frequencies 400-800 MHz.&nbsp; The mapping speed (or total statistical pov
CHIME is among the largest of any radio telescope in the world, and the technology powering CHIME could be used to build telescopes wh
orders of magnitude more powerful.&nbsp; This breakthrough sensitivity has the power to revolutionize radio astronomy, but meetin
computational challenges will require breakthroughs on the algorithmic side.&nbsp; I'll give a status update on CHIME, with an emphasis o
algorithms being developed to search for fast radio bursts and pulsars.</p>

Pirsa: 17010076 Page 1/61



Pirsa: 17010076

Phased-array interferometer

Dish is replaced by an array of antennas whose signals will be
combined in software!

By summing signals with appropriate delays, can mimic the
dish and focus on part of the sky.

Can “repoint” telescope by changing delays.
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Given enough computational power, can form a complete set of N
beams on the sky. Equivalent to N traditional telescopes with the
same collecting area as the interferometer!
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CHIME

Under construction now in Penticton B.C., first light expected
this summer.

We have a 4 x 256 array of antennas and enough computing
power to form all 1024 independent beams 1n real time.

Raw sensitivity 1s the same as 1024 world-class radio telescopes
observing 24/7 !!
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CHIME

At any instantaneous observing time, each antenna sees a narrow
strip on the sky (“primary beam™).

By beamforming in software as previously described, we can
make 1024 “formed” beams with angular resolution ~20 arcmin.
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cylinder CHIME

primary beam formed beams
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CHIME

The beam is fixed in telescope coordinates, but as the Earth rotates,
the beam sweeps over the full sky.

Every 24 hours, we get a sky map with:

+ Angular resolution: 20 arcmin
+ Sky coverage: half the sky
* Frequency range: 400-800 MHz.
(We see neutral hydrogen at z = 0.8-2.5 via the 21-cm line)
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Mapping speeds (very approximate)

For many purposes, the statistical power of a radio telescope
can be quantified by its mapping speed:

M =~ (Collecting area A) x (Number of beams)

X (order-one factors)

A Npeams M /(10° m?)
Parkes 64m 3200 m? 13 0.41
Green Bank 100m 7850 m? 7 0.55
Aricebo 300m 70000 m? 7 4.9
FAST 500m 200000 m? 19 38
CHIME 6400 m? 1024 66
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CHIME ?!
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The catch

A Npeams M /(10° m?)
FAST 500m 200000 m? 19 38
CHIME 6400 m? 1024 66

CHIME gets its high mapping speed from many beams with
low instantaneous sensitivity (compared to FAST)

In principle, sensitivity is roughly proportional to M, but
computational cost 1s proportional to Nocams (O worse).

What we have really done is replace the problem of building a
huge telescope by hard algorithmic/computational problems.
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CHIME hardware, cartoon form

cosmology

/ backend
pulsar timing

backend

I

FRB
backend
tClCSCOpCS correlator
FPGA+GPU farm “backends”

(purpose-built
computing clusters)
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CHIME hardware, cartoon form

Each backend asks the correlator for a different data stream over
the network. For example:

“Pulsar timing backend”

p

receives digitized electric field
with nanosecond sampling

at 10 specified sky locations

“FRB backend”

receives intensity, obtained
from electric field by
time-downsampling and
polarization-averaging

with millisecond sampling

at a regular array of
1024 sky locations
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CHIME ?
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CHIME + a lot of math,
for some problems?
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1. Introduction

2. Fast radio bursts

3. Searching for new pulsars

4. Things I didn’t have time to talk about

5. Thoughts for the future
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Can CHIME’s high mapping speed be used to find FRB’s?

In principle, FRB event rate 1s proportional to mapping speed,
so CHIME should be incredibly powerful. The forecasted event
rate 1s ~10 events per day (!!)

The search problem (“incoherent dedispersion”) is very
computationally challenging.

Very well-studied: there are many papers and some public
software, but not nearly fast enough for CHIME!

Over the last year, we’ve developed a search algorithm which
1s much faster, and can search the CHIME data to its full statistical
power.
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Incoherent dedispersion

Setting up the problem. The FRB backend incrementally receives
a 2D array with (time, frequency) axes. We want to sum over all
“tracks” with the shape shown.

frequency
/ \

time
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Incoherent dedispersion

% : . =D
The first step is to change variables ¥ — v “, in order to
transform the dispersion tracks to straight lines.
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Tree dedispersion

The algorithm I'll describe is a “tree” algorithm which ends
up approximating each straight-line track by a jagged sum of
samples.

time
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Tree dedispersion

First iteration: group channels in pairs. Within each pair, we
form all “vertical” sums (blue) and “diagonal” sums (red).

Output is two arrays, each half the size of the input array.
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Tree dedispersion

Last iteration: all channels summed.
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Tree dedispersion

Total cost of tree summation 1s O(TD log D), where T=number of
times, D=number of DM’s.

Cost of direct summation would be O(TD?), so this is a big
speedup!

J
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Tree dedispersion

Total cost of tree summation 1s O(TD log D), where T=number of
times, D=number of DM’s.

Cost of direct summation would be O(TD?), so this is a big
speedup!

An important result: the tree search can be made arbitrarily close
to optimal if certain hidden choices are made appropriately.
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Tree dedispersion

Total cost of tree summation 1s O(TD log D), where T=number of
times, D=number of DM’s.

Cost of direct summation would be O(TD?), so this is a big
speedup!

An important result: the tree search can be made arbitrarily close
to optimal if certain hidden choices are made appropriately.

Tree dedispersion is very fast, but still not quite fast enough for
CHIME!

Further speedups are possible. To describe them, let’s take a little
computer science detour...
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“Blocking” the tree
We found a “blocked” formulation of the tree algorithm.

In a straightforward implementation, the entire array is exchanged
between main memory and L3 cache in each of logx(D) passes,
leading to a memory bandwidth bottleneck.

o iteration
teration 1 fpermediate intermediate | log2(D) | output

input
array array array array
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“Blocking” the tree
We found a “blocked” formulation of the tree algorithm.
Non-obvious fact: tree dedispersion can be organized as two

passes, each of which operates on a small (< 1 MB) block of
memory.

big ring
fn.}zut - .buﬁc‘r - c'wu‘tf:ut
il small blocks of the input I:?C:Eillf; another stream of il
array are processed blocks is extracted
independently, then from the ring bufter
stored in main memory and processed
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“Blocking” the tree
We found a “blocked” formulation of the tree algorithm.

Non-obvious fact: tree dedispersion can be organized as two
passes, each of which operates on a small (< 1 MB) block of
memory.

This turns out to be faster, and leads to better parallelism
(because all cores share bandwidth to L3 cache).

Another interesting property of the blocked algorithm: low
latency real-time alerts. Dispersed pulses can be detected
within a few seconds of entering the telescope.
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Lots of low level optimizations

For example:

Handwritten assembly language kernels for speed

Special techniques for memory bandwidth bottlenecks
(non-temporal/streaming writes)

Hardware conversion between 32-bit and 16-bit
floating-point when exchanging data between main
memory and L3 cache

and many more!
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The bottom line: Our current implementation is a factor 7 faster
than a C implementation of tree dedispersion which we originally
believed to be highly optimized.

Public code to be released very soon!

This has brought a near-optimal CHIME search within reach. We
are building an FRB backend now. This summer, we expect to
start finding FRB’s at the full event rate: O(10) per day!

There are currently many proposed explanations for FRB’s, but
with only 20 events, there is not enough data to test hypotheses.
We hope CHIME will solve the mystery of what FRB’s are!
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CHIME for FRB’s? Yes!
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1. Introduction

2. Fast radio bursts

3. Searching for new pulsars

4. Things I didn’t have time to talk about

5. Thoughts for the future
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Over the last 50 years, pulsar science has been an exceptionally
fertile area of astronomy.

- first observational evidence of gravitational waves
- first detection of extrasolar planets

- exceptionally precise tests of GR

* new astrophysics (e.g. magnetars)

* many astronomically interesting “oddball” systems
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Over the last 50 years, pulsar science has been an exceptionally
fertile area of astronomy.

- first observational evidence of gravitational waves
- first detection of extrasolar planets

- exceptionally precise tests of GR

* new astrophysics (e.g. magnetars)

* many astronomically interesting “oddball” systems

Approx 2000 pulsars have been found, but the total population
is predicted to be ~10°. Many new discoveries to be made! E.g.

» detection of nanohertz gravity waves from pulsar networks
» pulsar + black hole binary system(s)
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In principle, CHIME has the sensitivity to find many new pulsars!

However, CHIME builds up this sensitivity from a huge number
of discontiguous timestreams with low instantaneous sensitivity.
Searching this dataset near-optimally for pulsars is an unsolved
problem.

—— Full CHIME
10° - - - CHIME Pathfinder
L] « measured 600 MHz
scaled to 600 MHz

Flux density (m)y)

declination (degq)
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In principle, CHIME has the sensitivity to find many new pulsars!

However, CHIME builds up this sensitivity from a huge number
of discontiguous timestreams with low instantaneous sensitivity.
Searching this dataset near-optimally for pulsars is an unsolved
problem.

We’re making progress on developing new search algorithms:

- For the case of a long contiguous timestream (more
common than the CHIME case!) can do much better
than current state-of-the-art (KMS, arxiv:1610.06381).

- The CHIME case (many discontiguous timestreams) is
an extension we plan to study next!
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Setting up the pulsar search problem

A pulsar appears as a quasiperiodic train of dispersed pulses.
(Plotted here with artificially high signal-to-noise.)

freq

time
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