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The CHIME radio telescope

First new Canadian research telescope in 40 years!
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Traditional radio telescope
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Single-feed 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

XX XXX X XX

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 1s the same as
1024 single-feed radio telescopes!

TR T R Ty R g

(+ 1000 more!)
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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.

« 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), in frequency range 400-800
MHz.
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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

Pirsa: 19070084 Page 13/73



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

Pirsa: 19070084 Page 14/73



FAST telescope (Southwest China)

wwzzz"  CHIME 2
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Time

(~15 billion years)

Science goal 1/3: What 1s dark energy?
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21-cm cosmology

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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21-cm cosmology

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

) N \N gl "ff 7 t __-. - 5 - -71\ ‘_ ncut[-al
RRARKA - el hydrogen
CHIME S density

redshift -

Through statistical analysis of this map, the expansion history
can be reconstructed. (This is not supposed to be obvious! Uses
a statistical effect called “baryon acoustic oscillations” which
would take a few slides to explain.)
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21-cm cosmology
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Science goal 2/3: What are fast radio bursts?

Fast radio bursts: a phenomenon we can’t explain. Very
occasionally, we see an intense pulse of radio waves from
billions of light years away.
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Fast radio bursts

FRB’s are dispersed: arrival time of the pulse depends on radio
frequency. (Delay is proportional to f2.)

This dispersion relation arises if the pulse has passed through
a plasma of free electrons before reaching us.
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Fast radio bursts

FRB’s are dispersed: arrival time of the pulse depends on radio
frequency. (Delay is proportional to f2.)

This dispersion relation arises if the pulse has passed through
a plasma of free electrons before reaching us.

FRB’s have very large dispersion, suggesting that the pulse
originated at cosmological distances, far outside our galaxy.

Understanding the origin of these ultra-distant pulses has become
a central unsolved problem in astrophysics.

Due to its high mapping speed, we anticipated that CHIME will
discover significantly more FRB’s than all other radio telescopes
combined (!)

Pirsa: 19070084 Page 25/73



Pirsa: 19070084

o EnTTon

NSNS
NS BN
NS WD
Wh WD
wn-nn

[ &

Pulsar BN
KNI BN

KNI 6H

KN

NS w88
N o T
S8 Crumt

Clant Pulses

Schwinger 1"
"W Shock
KS)

"WN Shock
MWL)

TMWN Shock

MW Shock
Clustored

AGN-KRBH

AGN 58

Wandoring

Heam

[ MecCianiss
Mag, L
Mag. r

Mug T

Mag. flux

Mg, r

Musor

Museor

e wealler

Manser

e ol

A Living Theory Catalogue for Fast Radio Bursts

E. Platts™*, A. Weltman",

s

Chirw

Chirw

Curv
Cury
Synch
Svuch
Bynch
Hynch
Hrermnss
Synih
Bynch

COLN (LRrA
GW, st
X-rayn,

alterglow
CW, Koray
afterglow & GRDB

[OW KL 5 ravw
oW

GW

B, radi

whtorghow, high

i@ ay
W, G, radio

Norglow, high

| Perststent GWs,
GW, thermal

Single
el
Single
Hingle
Single
Hinale
Single
Slngle
B
Single
Single
Single
Single

Slngle
Slngle
Slingle

Singly

Fapuoat

Slngle

[ Fepoar

A. Walters"”

. S. P. Tendulkar”, J.E.B. Gordin*, S. Kandhai®

NS & Ast

= | Belt
L [ Sinall Tods
2 | & Pulsar

@ [NSLTHH
4 Anlon St
S| &NS
& [ Axlon
9 | & Bn
1 Axion Cluster
O | kNS
Axlon Cloud
L1
AQN KNS

Starguikes

Fiilsar
Lightning
Wandering
Bon

Tiny EM

Explosions
WH

N9 Cambl
Supercon

Stellar Coronme

| Noutral Cosmle
2| Sirings

Annihilating
Minl BHs

e
e stripping
Musor

Mag

Eloctrostat e

Thin shell

DS
Artilicial
et

N/A

N/A

Cury

Synch

Swnch

Synch

Synch

Cury

Synch

Naone

Nune

W
None

| Rone

Tublo 1

arxiv:1810.05836

finghe
[ Topeat
Repoat
Hutk
Single
Hopent
LT
T Topeat
oy
Hepent
Tepeat
[ Tepeat
| Hepoat
Ropeat

Sumnmary

Page 26/73



Science goal 3/3: Finding new pulsars

A pulsar is a rapidly spinning neutron star with a narrow
beam. We see pulses at regular intervals, when the beam
sweeps over the Earth.
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CHIME will be incredibly powerful for finding new pulsars.

The most exciting application: gravitational wave astronomy!
A new way to learn about black holes.
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CHIME forecasts: summary

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

CHIME is relatively inexpensive ($15M), and any one of
these forecasts would fully justify a larger project.

Too good to be true?
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The challenge

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

In principle, sensitivity is proportional to mapping speed M,
but computational cost is proportional to Nveams (Or worse).

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

5 os g ——| FPOA | —— |
Lot ——| digitizet/ | ——= 800 GB/sec
: channelizer

Raw data rate is 800 GB/s = 70 PB/day

Similar to total cell phone traffic in North America
A few percent of the global internet
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CHIME computing

pulsar timing

backend
e dil-'l;t(ijz?r/ — GPU FRB scar.ch
— & —— | correlator backend

channelizer
cosmology

backend

Raw data rate is 800 GB/s = 70 PB/day

+ Similar to total cell phone traffic in North America
A few percent of the global internet

Each box in the diagram is a large supercomputer!

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

Pirsa: 19070084 Page 32/73



Pirsa: 19070084

CHIME computing

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 computing

The computational challenges are immense!
For example, the FRB search (this 1s what I worked on):

I[s ~200 times larger (in data volume) than any previously
performed FRB search.

Requires separating FRB’s from RFI (human-made radio
signals) at ~1000 times the previous best accuracy.

Must be done in real time, while the data is in a moving window
(only a tiny fraction of the data can ever be saved to disk).

Must build supercomputer from scratch on a modest budget
with limited infrastructure.
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izzz" CHIME?
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“bonsar’;: CHIME FRB search software

The CHIME FRB search algorithm is:

+ orders of magnitude faster than

other search software Rendric Dustin

Smith Lang

* near statistically optimal

- real-time, (few-second) latency
Masoud

* runs on a dedicated 2560-core Rafici-Ravandi

cluster, searches 1.5 PB/day

Maya Alex
Burhanpurkar Roman
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void transpose(float *dst, const float *src, int n)

{

for (int 1 = 0; i < n; i++)
for (int j = 0; j < n; j++)
dst[i*n+j] = src[j*n+i];
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4 times faster!

void transpose_256b(float *dst, const float *src, int n)
{
for (int 1 = @; L <nj 1 4= 8) { __m256 a2 = _mm256_shuffle_ps(x@, x2, @xee);

for (int j =@; j <n; J+= 8 { __m256 a3 = _mm256_shuffle_ps(x1, x3, @xbb);
_m256 x@ = _mm256_load_ps(src + j*n + 1);

_m256 x1 = _mm256_load_ps(src + (j+1)*n
_m256 x2 = _mm256_load_ps(src + (j+2)*n
—m256 x3 = _mm256_load_ps(src + (j+3)*n

* x2 = _mm256_blend_ps(az, a3, @xaa);
+
+
_m256 x4 = _mm256_load_ps(src + (j+4)*n +
+
+
+

X3 = _mm256_blend_ps(az, a3, @x55);
X3 = _mmZ56_permute_ps(x3, @xbl);

_m256 x5 = _mm256_load_ps(src + (j+5)*n
_.m256 x6 = _mm256_load_ps(src + (j+6)*n
m256 x7 = _mm256_load_ps(src + (j+7)*n

—m256 a4 = _mm2S6_shuffle_ps(x4, x6, 0x44);
__m256 a5 = _mm256_shuffle_ps(x5, x7, 0x11);

i x4 = _mmz56_blend_ps(o4, a5, @xaa);
m256 z0 = _mm256_permuteZfl28_ps(x@, x4, x5 = _mm256_blend_ps(o4, a5, @x55);

X0 = _mm256_blend_ps(x@, z0, @xf@); X5 = _mm256_permute_ps(x5, @xbl);
X4 = _mm256_blend_ps(x4, 20, @xof);

__m256 ab = _mm256_shuffle_ps(x4, x6, Oxee);
_m256 z1 = _mm256_permute2f128_ps(xl, __m256 a7 = _mm256_shuffle_ps(x5, x7, @xbb):
x1 = _mMm256_blend_ps(x1, z1, @xf@);
x5 = _mMm256_blend_ps(x5, z1, @x@f); x6 = _mm256_blend_ps(a6, a7, @xaa);

X7 = _mm256_blend_ps(a6, a7, @x55);

—Mm256 22 = _mm256_permute2f128_ps(x2, X7 = _mm256_permute_ps(x?, @xbl);

x2 = _mm256_blend_ps(x2, zZ, @xf@);
X6 = ‘mZSBAblen&ps(lﬁ, 22, Bxﬂf); _mZSG‘storg_ps(dst + i*n + j, xa);
mm256_store_ps(dst + (i+1)*n + j, x1);
__m256 z3 = _mm256_permute2f128_ps(x3, _mm256_store_ps(dst + (i+2)*n + j, x2);
x3 = _mm256_blend_ps(x3, z3, @xf@); m256_store_ps(dst + (i+3)*n + j, x3);
X7 = _mm256_blend_ps(x7, z3, @xof); _mm256_store_ps(dst + (i+4)*n + j, x4);
Jmz56_store_ps(dst + (i+5)*n + j, x5);
256 a@ = _mm256_shuffle_ps(x9, x2, @x44); _mm256_store_ps(dst + (i+6)*n + j, x6);
—m256 al = _mm256_shuffle_ps(x1, x3, @x11); _mm256_store_ps(dst + (1+7)*n + 3, x7);

X0 = _mm256_blend_ps(a®, al, @xaa);

x1 = _mnm256_blend_ps(a®, al, @x55);
x1 = _mm256_permute_ps(x1, @xbl);
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New search algorithms

The basic 1dea 1s shown by the following slides. Suppose we
have a 2D array of numbers and we want to sum over all
straight lines as shown.
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New search algorithms

Our algorithm ends up approximating each straight-line track
by a jagged sum of samples. The sums are built up recursively
as explained in the next few slides.

%4 %

time
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New search algorithms

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 —> > —>
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New search algorithms

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 1.3
S
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New search algorithms

Last iteration: all channels summed.

Computational cost of tree algorithm is proportional to
Nx Ny log(Ny). A “brute force” algorithm would be Nx Nvy?.

Ny

| [ i E

WY [T (LTI (D T [N D [
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New search algorithms

Last iteration: all channels summed.

Computational cost of tree algorithm is proportional to
Nx Ny log(Ny). A “brute force” algorithm would be Nx Nvy?.

Ny

| [ i E

WY [T (LTI (D T [N D [

Pirsa: 19070084 Page 46/73



Pirsa: 19070084

ol

L

. The CHIME concept

CHIME science goals
Computational challenges

The real-time CHIME FRB pipeline

5. CHIME FRB results
6.

Concluding thoughts

Page 47/73



Pirsa: 19070084

2013: CHIME project begins

b CBC | MENU ~

news Top Stories Local The National

New B.C. telescope to make massive 3D map of
universe

f & in

CHIME radio telescope to look 11 billion years into past

he Canadian Press - Posted: Jan 25, 2013 9:18 AM ET | Last Updated: January 28, 201

\nﬁ'ﬂ’f
“.‘fnl\" U
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2015: CHIME *“pathfinder” (~10% scale)

CHIME pathfinder
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2017: Full CHIME telescope

Pirsa: 19070084 Page 50/73



R, AN -

B R S—y ey

Pirsa: 19070084

Page 51/73



850W / node
(50Gop/W)

Pirsa: 19070084 Page 52/73



25 July 2018: First FRB detected with CHIME!

MHz by CHIME/FRB Beam 0

et J M S el

First detection of fast radio bursts between 400 and 800 FRB 180725A ’|‘

ATel #11901; P. J. Boyle (McGill University) for the CHIME/FRB Collaboration

on 1 Aug 2018; 01:12 UT 800

Credential Certification: Patrick Boyle (patrick bovle@mcgill ca) E 750

Subjects: Radio, Fast Radio Burst < 700
a\

m ) Recommend 246 g 650
3

The Canadian Hydrogen Intensity Mapping Experiment (CHIME; www chime-experiment.ca) is a g 600

transit radio telescope consisting of four 20m x 100m cylindrical refleciors oriented North/South, ‘;a e

plus o powerful F-X correlator, locnted at the Dominlon Radio Astrophysical Observatory near = 550

Penticton, British Columbia, Canada. The CHIME Fast Radio Burst (FRB) Project (CHIME/FRB c 500
Caollaboration, Apl, in press, arXiv:1803.11235) forms 1024 independent stationary intensity beams u

with I-ms time sampling and 16k frequency channels over a range of 400 - 800 MHz. CHIME/FRB 8 450

Is » uniquely fast survey Instrument that can search for FREs over an Instantaneous field of view of
~200 squire degrees in real time

=20 0 20
During its ongoing commissioning CHIME/FRB detected FRB 180725A on 2018 July 25 m I (ms)
17:59:43.115 UTC (topocentric, at 400 MHz). The automated pipeline triggered the recording to Ime {ms
disk of ~20 seconds of buffered raw intensity data around the time of the FRB. The event had an
approximate width of 2 ms and was found at dispersion measure 716.6 po/em*3 with a signal-to
noise ratio 8/N =206 in one beam and 194 in a neighbouring beam. The centres of these, FRB 180725A
approximately 0.5 deg wide and circular beams, were at RA, Dec = (06:13:54.7, 4+67:04:00.1; ) ‘
J2000) and RA, Dec = (06:12:53.1, +67:03:59.1; J2000), However, precise localisation of the source
and o flux estimate await further commissioning and calibration. The expected maximum Galactic oo
line-of-sight dispersion measure in the source's direction is 69 pe/cm*3 (from the NE2001 model) or “'L"‘lnlrl\FIL\F”‘r L L
B1 pe/em?d (from the YMW 16 model). The observed DM is far in excess of these values, even after
accounting for the systematic uncenainties in the Galactic-DM models, confirming the identification
of this event us an FRB. The event is clearly detected at frequencies ns low ns 580 MHz and
represents the first detection of an FRB at radio frequencies below 700 Mllz.

Beam 1

The de-dispersed frequency versus time plots for both beams can be found at the link below, Some
frequency channels with terresirial radio frequency interference have been zero-welghted. We do
not find compelling evidence of scattering in the burst profile, and we coution against over
interpreting the band-limited structure of the pulse spectrum, us the data have not been corrected for
frequency-dependent beam sensitivity. Further observations to search for repeated bursts at all
wivelengths are encouraged,

Link to plot: FRB 180725A 'http://chime-experiment ca/figures/chimefrb_Ist_event.pdf

p://www.astronomerstelegram.org/?read=11¢ P wetms
http:// astronomerstelegram.org/?read=11901
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Late Aug 2018: 13 new FRB’s discovered

(Total number found by all other telescopes: 52)

- nature

Firs §|.,1Ic[ lr!n(i"!n"ffﬂ,. Observations of fast radio bursts at
v frequencies down to 400 megahertz

The CHIME/FRA Collabaration

Nature (2019)  Download Citatlon £

arxiv:1901.04524

~ nature

A second source of repeating fast radio
bursts

arxiv:1901.04525
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@b CBC | menu ~

news Top Stories Local

Technology & Science

Ehe New Hork Eimes

Broadcasting from Deep Space, a
e e coverandmysterious - Miysterious Series of Radio Signals

The Canadian Hydrogen Intensity Mapping Experiment, or Chime, a radio telescope
array in British Columbia. Soon after it was turned on last summer, it picked up a set
of odd radio bursts from deep space. Will lvy/Alamy Stock Phato

[v] nawre

ml Health +

NEWS - 07 JANUARY 2019

CORRECTION 07 JANUARY 2019

SPACE © SCIENCE

Bevy of mysterious fast radio bursts _ | |
Spotted by Canadian telescope A second mysterious repc—;atmg fast radio
burst has been detected in space

Bounty imcludes second known example of a repeating burst,

E’ B ) nNews Sport More - Search Q E h

NEWS

ardian

Home Video World US&Canada UK Business Tech More = Alien life

Science & Environment Mysterious fast radio bursts from deep space
could be aliens

MVSterl ous rad 10 sI g na I S frO m deep Repeating bursts of radio waves detected for first time

Space detected since initial accidental discovery in 2007 ' ' '
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|3 new FRB’s from CHIME

e At lower frequencies than
previous FRB observations
(400-800 MHz)

St e Previously, almost all FRB’s
i were detected at 1.4 GHz,
with the exception of a few
at ~800 MHz.

e All searches at <~ 200 MHz
have been unsuccessful,
suggesting a spectral cutoff.

e However, ~half of the
CHIME FRB’s are bright at
400 MHz.
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New repeating FRB!

+ Before CHIME, 52 FRB’s had been discovered, including one
repeating FRB (now called R1).

R1 is much better studied than the non-repeating FRB’s (for
example, the host galaxy has been determined).

- R1 was found relatively early, but no other FRB had ever been
observed to repeat, despite a lot of telescope time spent
observing locations of previously found FRB’s.

Pirsa: 19070084 Page 57/73



New repeating FRB!

We found a second repeating FRB (R2):
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2019: Current status
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2019: Current status

« As of today (July 2019) we have found over 500 fast radio
bursts.

Sky distribution Preliminary
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2019: Current status

« As of today (July 2019) we have found over 500 fast radio
bursts.

« Multiple repeating FRB’s
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2019: Current status

« As of today (July 2019) we have found over 500 fast radio
bursts.

Multiple repeating FRB’s

Many analysis papers in progress, to appear starting in the
next few weeks, and continuing for a few years (I hope!)
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wrzzz" CHIME? Yes for FRB’s!
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. The CHIME concept

CHIME science goals
Computational challenges

The real-time CHIME FRB pipeline
CHIME FRB results

. Concluding thoughts
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Concluding thoughts

« The CHIME “software telescope” design achieves
tremendous sensitivity, at a small fraction of the cost of a
traditional radio telescope.
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Concluding thoughts

« The CHIME “software telescope” design achieves
tremendous sensitivity, at a small fraction of the cost of a
traditional radio telescope.

... BUT, it has an immense data rate, and achieving this
sensitivity depends on solving hard computing problems.
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Concluding thoughts

The CHIME “software telescope” design achieves
tremendous sensitivity, at a small fraction of the cost of a
traditional radio telescope

... BUT, 1t has an immense data rate, and achieving this
sensitivity depends on solving hard computing problems.

We have succeeded in doing this for the FRB search
problem! For other problems (pulsar search, cosmology)
we are currently working on it.

We hope that CHIME is the first step toward a new, more
powerful way of doing radio astronomy. What’s next?
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Concluding thoughts

« We plan to build “outrigger”
telescopes (smaller, far away
versions of CHIME). Exact
number and location TBD.

X CHIME

Can increase angular *.
. - 5 Outrigger?
resolution by a factor ~10°! 23
5 *
United States 0 t H ?
More than enough to tell T e utrigger

which galaxy an FRB is 1n,
which is very informative.
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HIRAX

South African “sister” project to CHIME.

» Array of 1024 dishes (no cylinders)
 Outrigger telescopes for high resolution
* In Southern hemisphere (more pulsars)

HIRAX will have ~4 times the collecting area of CHIME, and

the same number of beams, so 4 times CHIME mapping speed.

Expanding HIRAX to 2048 dishes would give 16 times
CHIME mapping speed.
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CHORD: a 10x version of CHIME (2022?)

UofC
X & K

DRAO

UBC

McGill
UofT *
Perimeter ok * MIT

*
NRAO
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Concluding thoughts

Radio astronomy may be scaled up by orders of magnitude
in the near future. The discovery space i1s huge!

Cosmology: Pulsars: Fast radio bursts:
- 3D “super CMB” « new tests of GR - what are they?
- most powerful way (?) to « new probe of gravity waves + potential applications...?
measure many cosmological - rich astrophysics

parameters (early universe,
neutrinos, dark matter, etc.)
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