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Abstract: <p>CHIME is a new interferometric telescope at radio frequencies 400-800 MHz.The mapping speed (or total statistical pow
CHIME is among the largestof any radio telescope in the world, and the technology powering CHIME could be used to build telescopes wh
orders of magnitude more powerful. This breakthrough sensitivity has the power to revolutionize radio astronomy, but meeting the comput:
challenges will require breakthroughs on the algorithmic side.&nbsp; I'll give a status update on CHIME, with an emphasis on new algol
developed at Perimeter to search for fast radio bursts (FRB's) and pulsars.</p>
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Things I’'m not going to talk about

Cosmology with the
kinetic SZ eftect

Primordial non-Gaussianity
Gravitational lensing (“cosmological collider physics™)
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CHIME at Perimeter
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Kendrick Smith Masoud Rafiei-Ravandi
(faculty) (PhD student)

Maya Burhanpurkar
(undergraduate student)

Dustin Lang Utkarsh Giri
(visiting postdoc) (PhD student)
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CBCNews |Technology & Science

Word | Caneds | Pailics

Canada's largest radio telescope unveiled in British Columbia

Wow §18M teiencope an all-Canadian praject betwesn universities and National Research Council of Canada

CBC player TV KIDS RADIO  NEWS  SPORTS

New radio telescope unvelled in B.C.
The National

Septernber 7,2017 | 0204

Sclentists hope CHIME, Canada's largest radio telescope, will be a major step forward in uncovering
the secrets of the universe

"Unprecedented" CHIME radio
telescope completed

@

This Huge Telescope is Built
Like A Halfpipe and Hunts for
Dark Energy

e JACOB DUBE

Dark energy is driving the accelerating expansion of
the universe. No one knows what it is.

physicsworld.com

E

Home Blog = Multimedia Indepth Events
News archive Starting bell sounds for CHIME

2007 Sep 8, 2017

CANADIAN HYDROGEN INTENSITY MAPPING PROGRAM aptembar ¥, 2017

Mapping the universe and understanding
dark matter in the south Okanagan

'_fa By Blaine Gaffnay
W Roporior Global Now
SCIENCI

Listening for the universe to
chime in
On Thursday, a radio telescope in B.C. begins probing the heavens for signs

of the expansion of our universe and the mysterious forces behind it. lvan
Semeniuk takes a closer look

Canada's new radio telescope starts
mapping the universe

It could confirm whether dark energy truly causes the expansion of the universe
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Traditional radio telescope
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Single-feed radio telescope
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Focuses via physical delays: constructive interference
only occurs for a specific direction on the sky
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Phased-array interferometer
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Dish is replaced by an array of antennas whose signals are
digitized.

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

Can “repoint” telescope by changing delays.
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Beamforming interferometer

A XKXKXKX

\\

Copy the digitized signals and repeat the computation N times
(in parallel). Equivalent to N telescopes pointed in different
directions.
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CHIME

« CHIME has a 4 x 256 array of antennas and can form all 1024
independent beams in real time. Raw sensitivity is the same
as 1024 single-feed radio telescopes!

+ Currently in a debugging and commissioning stage.
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CHIME beamforming, cartoon form

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 size ~0.3 degree.
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* 1024 beams from full 4
cylindar CHIME

primary beam formed beams
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CHIME beamforming, cartoon form

As the Earth rotates, the primary and formed beams sweep over
the sky.

Every 24 hours, we make an image of the sky with 0.3 degree
resolution (= size of formed beams).

Frequency range: 400-800 MHz. Interesting for many things!
(Cosmology at redshifts 0.8 <z < 2.5, pulsars, FRB’s...)
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Mapping speeds (back-of-envelope)

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
Arecibo 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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Outline

The CHIME concept
Forecasts, scientific goals
The challenge
Searching for fast radio bursts

- Tree dedispersion

+ Code optimization

- Statistical optimality
Real-time RFI removal
Searching for pulsars

Conclusions
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Cosmology forecasts

CHIME constrains cosmology by making a 3D map of neutral
hydrogen on cosmological scales, via the 21-cm spectral line.

First consider the frequency spectrum of a single line-of-sight.
Can be interpreted as a 1D noisy map, in the radial direction.

| | |
400 MHz 600 MHz 800 MHz
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Cosmology forecasts

CHIME measures a 1D spectrum at each 2D sky location (6, ¢).
Get a 3D map of neutral hydrogen in the universe. (Individual
galaxies not resolved, but many Fourier modes are measured.)

o v neutral
e hydrogen
P e g density

P B - e e B

CHIME

redshift

Conceptually similar to CMB, but much more information is
potentially available! (many more modes in 3D than 2D)

COSMIC
microwave
background

Planck satellite
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Expansion history of the universe

CHIME BAO forecasts are competitive with next-generation
surveys (Euclid, LSST, etc.) and probe the “redshift desert”
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Fast radio bursts
Fast radio bursts (FRB’s): an astrophysical mystery!

Very occasionally, a bright, short (1 ms) pulse of radio emission 1s
observed from an ultra-luminous source at a cosmological distance.
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Fast radio bursts

Fast radio bursts (FRB’s): an astrophysical mystery!

Very occasionally, a bright, short (1 ms) pulse of radio emission is
observed from an ultra-luminous source at a cosmological distance.

The physical mechanism is unknown, and this has become one of
the most interesting puzzles in astrophysics!

arXiviotg » ustro-ph » arxivil505,0553% arXiv.org » astro-ph » arXivi1707.02397 arXivorg > hep-ph > arXivi1412,.7625
Astroghysies > € qy-and neria Arerophysies High Energy Physics - Phenomenclogy

Astrophysies » High Energy Astrophysical Phenomena
Fast Radlo Bursts from the Decay of Cosmic String Cusps Fast Radio Bursts from Axion Stars

nberger (1), Bryee Cyr (1), Aditya Varna lyer (1) (1) MeGill University)

Non-Cosmological FRBs from Young Supernova Remnant Pulsars
wor, Jonathan Sievers, Ue-Li Pen

arXiv.org > astro-ph > arXiv1701.01108 arXivorg > astro-ph > arkiv:1700.00394 arXiv.org > astro-ph > arXiv:1604.04909

Astrophysics > High [nergy Astrophysical Phenomena Astrophysics = High Energy Astraphysical Phenomena

Adlchi Iwazaki

Astrophysics > High Energy Astrophysical Phenomena

Giant Primeval Magnetic Dipoles The Impact of a Supernova Remnant on Fast Radio Bursts

Christopher Thompson (CITA)

Fast Radio Bursts from Extragalactic Light Salls
Anthony L Piro (Carnegle Observatories)

Manasvi Lingam, Abraham Loel

arXivorg > astro-ph > arXiv:1409.5516

arXlvorg > astro-ph > arXiw1511.02870

Astrophysics > High Energy Astrophysical Phenomena

Astrophysies > High Energy Astrophysical Phenomena
Implications of fast radio bursts for superconducting cosmic strings

Fast Radio Bursts and Radio Transients from Black Hole Batteries

Chiara M. F. Mingarelll, Janna Levin, T, Joseph W. Lazlo

v-Wel Yu, kwong-Sang Cheng, Gary Shiu, Henry Tye
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Fast radio bursts
Fast radio bursts (FRB’s): an astrophysical mystery!

Very occasionally, a bright, short (1 ms) pulse of radio emission 1s

observed from an ultra-luminous source at a cosmological distance.

The physical mechanism i1s unknown, and this has become one of
the most interesting puzzles in astrophysics!

Currently statistics-limited: only ~30 FRB’s have been observed
since the initial discovery in 2007.

CHIME forecasted event rate is...
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Fast radio bursts
Fast radio bursts (FRB’s): an astrophysical mystery!

Very occasionally, a bright, short (1 ms) pulse of radio emission 1s
observed from an ultra-luminous source at a cosmological distance.

The physical mechanism i1s unknown, and this has become one of
the most interesting puzzles in astrophysics!

Currently statistics-limited: only ~30 FRB’s have been observed
since the initial discovery in 2007.

CHIME forecasted event rate is... 10 per day!!
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Searching for new pulsars

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

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

We estimate that an optimal search of 30 days of CHIME data
would find ~4500 new pulsars!
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Timing known pulsars

Daily timing of known pulsars can contribute to global efforts
to detect gravity waves with ~light-year wavelengths.
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Timing known pulsars

Daily timing of known pulsars can contribute to global efforts
to detect gravity waves with ~light-year wavelengths.

CHIME observes at low frequencies (400-800 MHz) where
ISM propagation effects can broaden pulses significantly.

Not ideal for pulsar timing on its own, but when combined
with higher-frequency measurements, can improve timing
solutions by pinning down ISM-related nuisance parameters

CHIME will be part of the NANOGRAYV pulsar timing
collaboration, and we estimate that CHIME can improve
timings for most NANOGRAYV pulsars by a factor ~2.
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CHIME forecasts: summary

Due to its high mapping speed, CHIME has amazing forecasts
in multiple areas (cosmology, fast radio bursts, pulsars).

CHIME is relatively inexpensive, and any one of these
forecasts would fully justify a larger project.

The CHIME design is highly scalable! A telescope with ~10
or ~100 times the mapping speed could be built in the near
future.

Too good to be true?
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Outline

+ The CHIME concept

» Forecasts, scientific goals

» The challenge

» Searching for fast radio bursts
- Tree dedispersion
+ Code optimization
- Statistical optimality

« Real-time RFI removal

» Searching for pulsars

- Conclusions
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The challenge

A Nossms  M(10° m=)
Parkes 64m 3200 m? 13 0.41
Green Bank 100m 7850 m? 7 0.55
Arecibo 300m 70000 m? 7 4.9
FAST 500m 200000 m? 19 38
CHIME 6400 m? 1024 66

In principle, sensitivity is roughly proportional to mapping
speed M, but data volume is proportional to Nveams.

What we have really done is move difficulty from hardware
to software.
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CHIME computing

FPGA
digitizer/

channelizer
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800 GB/sec

+ Raw data rate 1s 800 GB/s = 70 PB/day
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FPGA
digitizer/

channelizer

[
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CHIME computing

800 GB/sec

(= LSST x 5000)

Il

+ Raw data rate i1s 800 GB/s = 70 PB/day

= 5000 LSST telescopes!

LSST: 15 TB/day
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CHIME computing

electric-field

beams
FPGA - .
p— T [ — GPU intensity > L
dlgbltlzg/ correlator s R B/ddy
channelizer (=LSST x 100)
\ visibility
matrices

+ Raw data rate i1s 800 GB/s = 70 PB/day
« 1024-GPU(!) correlator, output data rate 1s 1.5 PB/day

« electric-field beams: 10° samples/sec at 10 sky locations
- intensity beams: 107 samples/sec at 1024 sky locations
« visibility matrices: 16GB covariance matrix every 10 seconds
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CHIME computing

pulsar timing

/ backend
FPGA FRB search Off

digitizer/ GPU _
Sz correlator backend

channelizer SitC
\ cosmology

backend

1
Il
|

+ Raw data rate i1s 800 GB/s = 70 PB/day

« 1024-GPU(!) correlator, output data rate 1s 1.5 PB/day
« electric-field beams: 10° samples/sec at 10 sky locations
- intensity beams: 107 samples/sec at 1024 sky locations

« visibility matrices: 16GB covariance matrix every 10 seconds

« Purpose-built backends (e.g. FRB backend is 2560-core cluster!)
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Summarizing, the CHIME hardware achieves unprecedented
sensitivity at low cost, but requires very hard computing problems
to be solved. Subjectively ordered from easiest to hardest:

1. Real-time FRB detection

2. Real-time RFI removal (RFI = “radiofrequency
interference”, 1.e. human-made radio transmissions)

3. Real-time pulsar search

4. Cosmology: separating Galactic foregrounds
(synchrotron emission) from cosmological signal
(21-cm line emission)

The rest of the talk will be a “status update” on these problems.
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Outline

+ The CHIME concept
Forecasts, scientific goals
The challenge

+ Searching for fast radio bursts

Tree dedispersion
Code optimization
Statistical optimality

+ Real-time RFI removal

Searching for pulsars

Conclusions
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The FRB search problem

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.

We use a recursive tree algorithm, described in the next few slides.
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(16384 T
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time (1ms samples)

x1024 beams!!
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Tree dedispersion: the basic 1dea

: . . —
Regrid the input array so that the y-axis corresponds to 2,
rather than frequency v.

Then an FRB looks like a straight line. Need a fast algorithm
for summing array elements over all straight lines.

v L -

time
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Tree dedispersion: the basic 1dea

Tree dedispersion will approximate each straight-line track by
a jagged sum of samples. The sums are built up recursively as
explained in the next few slides.

=

/

time
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Tree dedispersion: the basic 1dea

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

Output 1s two arrays, each half the size of the input array.

"

+—r +—r 4+—> +—>
;

Pirsa: 18040069 Page 40/75



Tree dedispersion: the basic 1dea

Second iteration: sum pairs into “pairs of pairs”.
Frequency channels have now been merged in quadruples.
Within each quadruple, there are four possible sums.

{ i ji'

AT
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Tree dedispersion: the basic 1dea

Last iteration: all channels summed.
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[ 111
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