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Abstract: CHIME is a new interferometric telescope at radio frequencies 400-800 MHz. The mapping speed (or total statistical power) of CHIME is
among the largest of any radio telescope in the world, and the technology powering CHIME could be used to build telescopes which are orders of
magnitude more powerful. Recently during precommissioning, CHIME started finding new fast radio bursts (FRB's) at an unprecedented rate,
including a new repeating FRB.Understanding the origin of fast radio bursts is a central unsolved problem in astrophysics, and we anticipate that
CHIME's statistical power will play an important rolein solving it. In thistalk, I'll give a status update on CHIME, with emphasis on FRB's.
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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

Pirsa: 19090014 Page 5/54



Pirsa: 19090014

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 is the same
as 1024 single-feed radio telescopes!

80m
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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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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: 19090014 Page 10/54



Pirsa: 19090014 Page 11/54




Pirsa: 19090014

Science goals based on CHIME'’s high mapping speed

Fast radio bursts: CHIME has found over 500 new FRB’s!
(Total found by all other telescopes combined: 52
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news Top Stories Local

Technology & Science

Canadian astronomers discover 2nd mysterious
repeating fast radio burst

[v] nawre

NEWS - 07 JANUARY 2019

CORRECTION O7 JANUARY 2019

Bevy of mysterious fast radio bursts
spotted by Canadian telescope

Bounty meludes second known example of a repeating burst.

E‘ E n News  Sport  More - Search Q

NEWS

Home Video World US&Canada UK Business Tech More =

Science & Environment

Mysterious radio signals from deep
space detected

Ehe New York Times
Broadcasting from Deep Space, a
Mysterious 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 Ivy/Alamy Stock Photo

ml Health +

SPACE © SCIENCE

A second mysterious repeating fast radio
burst has been detected in space

ngllllgdian

Alien life
Mysterious fast radio bursts from deep space

‘could be aliens’
Repeating bursts of radio waves detected for first time

since initial accidental discovery in 2007 ' ' '
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Science goals based on CHIME'’s high mapping speed

. Fast radio bursts: CHIME has found over 500 new FRB’s!
(Total found by all other telescopes combined: 52)

2. Pulsar timing: CHIME is timing almost all known pulsars in
the Northern hemisphere.

3. Pulsar search: CHIME has enough sensitivity to find
thousands of new pulsars.
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Science goals based on CHIME'’s high mapping speed
. Fast radio bursts: CHIME has found over 500 new FRB’s!

(Total found by all other telescopes combined: 52)

2. Pulsar timing: CHIME is timing almost all known pulsars in
the Northern hemisphere.

3. Pulsar search: CHIME has enough sensitivity to find
thousands of new pulsars.

4. Cosmology: CHIME’s forecasted BAO measurements are
competitive with next-generation LSS surveys.

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

Too good to be true?

Pirsa: 19090014 Page 15/54



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 1s proportional to Npeams (or worse).

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

o — FPGA p—
i = | digitizer | = 800 GB/sec
! ' channelizer

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

Pirsa: 19090014 Page 17/54



CHIME computing

PP S — FPGA p—
A = | digitizer | = 800 GB/sec
channelizer (= LSST x 5000)

Raw data rate 1s 800 GB/s = 70 PB/day
= 5000 LSST telescopes!

LSST: 15 TB/day
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CHIME computing

L — FPGA

channelizer

Il

GPU
correlator

\

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

+ Purpose-built backends receive different data products from

the correlator.

pulsar timing
backend

FRB secarch

pulsar search

backend backend
cosmology
backend

+ Collectively, CHIME 1is a large heterogeneous data center /

supercomputer.

* I’ve mainly been working on the FRB and pulsar search
backends, which I’ll talk about in more detail.
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Fast radio bursts

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

Very occasionally, a bright, short (I ms) pulse of radio emission 1s
observed with very large dispersion (=frequency-dependent delay).
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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 1is
observed with very large dispersion (=frequency-dependent delay).

The large implied electron column density (+ 1sotropic sky
distribution) suggests that the pulses originate outside our galaxy.

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

Prior to CHIME, one FRB had been observed to repeat. The
repeating FRB was eventually observed with VLBI arrays, with
enough angular resolution to identify a host galaxy at z=0.2.
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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 1is
observed with very large dispersion (=frequency-dependent delay).

The large implied electron column density (+ 1sotropic sky
distribution) suggests that the pulses originate outside our galaxy.

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

Prior to CHIME, one FRB had been observed to repeat. The
repeating FRB was eventually observed with VLBI arrays, with
enough angular resolution to identify a host galaxy at z=0.2.
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“bonsar”: CHIME FRB search trigger software

The CHIME FRB search algorithm 1s:

- orders of magnitude faster than
other search software

Kendrick Dustin

.o . A Smith Lang
* near statistically optimal, (for

broadband FRB’s!)

- real-time, ~10 second latency

N AL
. searches a huge parameter space Masoud Utkarsh
Rafiei-Ravandi Giri

(e.g. max DM 13000)

* runs on a dedicated 128-node
cluster (and searches 1.5 PB/day, a
few hundred times larger than any
other search)

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

{

for (int i = 0; 1 < 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)
i

for (int L = B 1 <nj L 4=8) { __m256 aZ = _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);

_Mm256 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(a2, a3, @xaa);
+
+
_m256 x4 = _mm256_load_ps(src + (j+4)*n +
+
+
-

x3 = _mm256_blend_ps(a2, a3, @x55);
X3 = _mm256_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 o4 = _mm256_shuffle_ps(x4, x6, 0x44);
-.m256 a5 = _mm256_shuffle_ps(x5, x7, 0x11);

x4 = _mmZz56_blend_ps(o4, a5, @xaa);
.m256 z0 = _mm256_permuteZfl28_ps(x@, x4, x5 = _mm256_blend_ps(a4, aS, 0x55);

x@ = _mm256_blend_ps(x@, 20, @xfd); x5 = _mm256_permute_ps(x5, @xbl);
X4 = _mm256_blend_ps(x4, 20, Oxof);
—m256 ab = _mm256_shuffle_ps(x4, x6,
—AZ36 31 = MMZ36_permyta2flZl_ps(xl, _m256 a7 = _m256_shuffle_ps(xS, X7,
x1 = _mMm256_blend_ps(x1, z1, @xf@);
x5 = _mMm256_blend_ps(x5, z1, @x@f); X6 = _mZSG-blendJ:s(aB, a7, GIOQ);
X7 = _mm256_blend_ps(a6, a7, @x55);
_m256 22 = _mm256_permute2f128_ps(x2, X7 = _mm256_permute_ps(x7, @xbl);
X2 = _mm256_blend_ps(x2, zZ, @xf@);
X6 = .m2564blend_ps(lﬁ, z2, Gxﬂfj; _mZSG_StDre_ps(dst +1i*n + j, xa);
5 -mm256_store_ps(dst + (i+1)*n + j, x1);
—M256 z3 = _mm256_permute2f128_ps(x3, i mm256_store_ps(dst + (i+2)*n + j, x2);
X3 = _m256.blend_ps(3, 23, &xf0); _mm256_store_ps(dst + (i+3)*n + j, x3);
X7 = _mm256_blend_ps(x7, z3, @xof); _mm256_store_ps(dst + (1+4)*n + j, x4);
mm256_store_ps(dst + (i+5)*n + j, x5);
—RZ56 0O = m2S6_shuffleps(d, x2, Oxdd); _mm256_store_ps(dst + (i+6)*n + j, x6);
m256 al = _!flrtZSG-stfle__ps(xl, 13, 0111); _mm256_store_ps(dst + (i+7)*n + j, x7);

x0 = _mm256_blend_ps(a@, al, @xaa);

x1 = _mm256_blend_ps(a@, al, @x55);
x1 = _mm256_permute_ps(x1, Oxbl);
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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.

frequency 1

time
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Tree dedispersion: the basic 1dea

Regrid the input array so that the y-axis corresponds to v~ %,

rather than frequency v.

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

% I =

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.

1/

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

"u

]

—r > > —>
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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.

% o

if AT
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Tree dedispersion: the basic 1dea

Last iteration: all channels summed.
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How I spend my time

20% software
plumbing

60% RFI

20% math,
algorithms
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RFI removal

- For an FRB or pulsar search, the largest instrumental
effect (by far!) is radiofrequency interference (RFI), i.e.
human-made radio transmissions.

- Main tool for mitigating RFI is masking the data in the
(time, frequency) plane, before the FRB search.

. Standard RFI removal software packages do not suffice
for CHIME:

too slow
- latency too high
- false positive rate too high (a few false positives
per beam per hour = 10° events per day!)

Pirsa: 19090014
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RFI removal

For an FRB or pulsar search, the largest instrumental

effect (by far!) is radiofrequency interference (RFI), 1.e.

human-made radio transmissions.

Main tool for mitigating RFI is masking the data in the
(time, frequency) plane, before the FRB search.

Standard RFI removal software packages do not suffice
for CHIME:

- too slow

- latency too high

- false positive rate too high (a few false positives
per beam per hour = 10° events per day!)
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Per-beam triggers after RF| excision, dedispersion and peak finding

RFI RFI RFI

l R,

S/N

"3:53 516 6:40 8:03 9-26 10:50 1213
UTC Time (2018-11-30)

PSR BO329+54
~ 4 hours

Signal collapsed over 4 East-West beams
Ziggy Pleunis
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Our approach to RFI removal

Represent RFI removal as a sequence of “transforms” which
operate on the data + mask.

data data data
+ mask + mask + mask
—— | transform | | —— | transform 2 | ——— | transform3 | —>» °**°

For example:

» Clipping based on intensity

» Clipping based on variance of intensity (voltage “kurtosis™)
+ Detrending the data in either time or frequency axis

+ Upsampling/downsampling the data/mask

Our key transforms are assembly-language-kernelized, but can
be chained together and run from high-level languages (python).

Pirsa: 19090014 Page 37/54



Our approach to RFI removal

Current RFI strategy consists of ~100 transforms!

This iterative approach has proven to be extremely powerful.

wi_sub_pipeline(nfreq_out=1024,nds_out=1)

wi_sub_downsampler
badchannel _mask(mask_path="/data/pathfinder/rfi_masks/rfi_20160705.dat")
std_dev_clipper(nt_chunk=1024, axis=AXIS_TIME, sigma=3, Dfel, Dt=l, two_pass=1)
std_dev_clipper(nt_chunk=2048, axis=AXIS_TIME, sigma=3, Df=1, two_pass=1)
std_dev_clipper(nt_chunk=6144, axis=AXIS_TIME, sigma=3, Df=1, two_pass=1)
std_dev_clipper(nt_chunk=6144, axis=AXIS_FREQ, sigma=3, Df=l, two_pass=0)
std_dev_clipper(nt_chunk=6144, axis=-AXIS_FREQ, sigma=3, Df=l, two_pass=0)

intensity_clipper(nt_chunk=1024, axis=AXIS_FREQ, sigma=5, niter=9, iter_sigma=5, Dt=1, two_pass=0)
intensity_clipper(nt_chunk=1024, axis=AXIS5_TIME, sigma=5, niter=9, iter_sigma=5, Dt=1, two_pass=0)
intensity_clipper(nt_chunk=1024, axis=AXIS_NONE, sigma=5, niter=9, iter_sigma=3, Dt=16, two_pass=0)
intensity_clipper(nt_chunk=1024, axis=AXIS_FREQ, sigma=5, niter=9, iter_sigma=3, Dt=16, two_pass=0)
polynomial_detrender(nt_chunk=1024, axis=AXIS_TIME, polydeg=4, epsilon=0.01)
spline_detrender(nt_chunk=0, axis=AXIS_FREQ, nbins=6, epsilon=0.0003)
wi_sub_upsampler

polynomial_detrender(nt_chunk=1024, axis=AXIS_TIME, polydeg=4, epsilon=0.01)

spline_detrender(nt_chunk=0, axis=AXIS_FREQ, nbins=6, epsilon=0.0003)

Masoud Rafiei-Ravandi
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CHIME FRB timeline and publications

+ August 2018: First FRB detected

http://www.astronomerstclegram.org/?read=11901

+ January 2019 (“Paper 17): 13 new FRB’s discovered, in first

month of commissioning data
Nature 566 (2019) 230, arXiv:1901.04524

+ January 2019 (“Paper 27): new repeater discovered
Nature 566 (2019) 235, arXiv:1901.04525

» June 2019 (*“Paper 3”): original repeater detected

ApJL accepted, arXiv:1906.11305

+ September 2019 (“Paper 47°): 8 new repeaters discovered, in
commissioning data up to March 2019
AplL accepted, arXiv:1908.03507
+ many more in progress!
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Paper 1: 13 new FRB’s from CHIME

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

e Previously, almost all FRB’s
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
e CHIME FRB’s are bright at
400 MHz.
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Paper 2: New repeating FRB!

Dispersion measure: DM=189 (max galactic DM ~95 along its
line of sight)
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“Downward marching” pulse structure

data AO-06
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| CHIME/FRB
563.6 pcem *
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- Lowest frequency observation to date

- Dispersion measure is ~1% higher than previously reported
values
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Paper 4: Eight new repeaters discovered

(-

Source Name” R.ASY Dec.? I3 b DM DMSeao0r PMGuwis  Nourses Exposure/ Completeness 7

(J2000) (J2000) (deg) (deg) (peem ™) (peem™) (peam¥) (hr, upper / lower) (Jy ms)

1 180816.J0158+65 1hH8m+7’ +65°44' 11" 129.7 3.7 349.2(3) 200 325 10 23+8 4.2

2 181030.J1054+73  10hS4{m+8  +79°44'£26° 1334 40,9  103.5(3) 40 32 2 2714 / 19411 T

3 181128.J04566+63 4hS6mt 11 +63°27412 1466 124 450.5(3) 112 161 2 1610 4.0

4 1B1119.J12465 12h42m+3"  +65°08'+0" 124.5 52.0 364.05(9) 34 26 3 19+9 2.6

12h30m+6"  +65°06'=12'

] 190116.J1249+27  12h49m+8" +27°09'+=14" 210.5 89.5 441(2) 20 20 2 840 5.7

6 IBI017.J17054+6G8 17h05m+1¥ +68°17+12 992 348  1281.6(4) 43 a7 2 20411 5.6

7 190209.,J0937+77 GhITm+ & +TT40 L1067 1342 34.8 425,0(3) 46 39 2 3419 / 28118 38/ ..

8 190222.J2062469 20h62m=£10" +69°50°'=11" 104.9 156.9 460.6(2) B7 101 2 20+10 5.4
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Paper 4: Eight new repeaters discovered
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Baseband (=electric field) data for one event
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Downward-marching structure observed
Nearly 100% linearly polarized

Faraday rotation measure is modest (RM = -115 rad m™) and
consistent with contribution from our Galaxy. In contrast to
the original repeater, which had a huge RM (~10°), implying
a highly magnetized environment.

i Wn\‘”f m\:\(‘/ '\\/m-,&""‘ﬁwﬂm~
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Repeaters have wider pulses

14 14
W Non-Repeating 1 Non-Repeating
Repeating (All Bursts) Repeating (Avg. per source)
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Figure 7. Distribution of intrinsic temporal widths for repeating and non-repeating FRB sources observed in the
frequency range of 400-800 MHz. For repeating FRBs, the left panel shows the distribution of widths of the Gaussian
spectral components for all bursts from each source while the right panel shows only the weighted average of the widths

for each source.
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Concluding thoughts

For $15M, you can build the world’s most powerful radio
telescope!
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Concluding thoughts

For $15M, you can build the world’s most powerful radio
telescope!

... but you will have an immense data rate, and you’ll need to
solve extremely hard computing problems.

Pirsa: 19090014 Page 49/54



Pirsa: 19090014

Concluding thoughts

For $15M, you can build the world’s most powerful radio
telescope!

... but you will have an immense data rate, and you’ll need to
solve extremely hard computing problems.

CHIME is a testbed for improving radio astronomy
algorithms/software, to handle unprecedented data volumes.

[f these improvements are successful, there 1s a clear path to
scaling up the CHIME hardware by a factor of ~100 or so (in
mapping speed) in the near future.
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HIRAX

South African “sister” project to CHIME.

 Array of 1024 dishes (no cylinders)
» Outrigger telescopes for very 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.

Page 51/54



CHORD: Canadian successor to CHIME

New technology under development (improves effective mapping
speed by a factor ~8):

Wide-band feeds (300-1500 MHz)
Lower noise, aiming for Tsys ~30 K (CHIME 1s ~50 K)

San Francisco, M ARASK
: * United States
olLas Vega
Los Angele

To consist of a large “core” interferometer at DRAO, plus
outriggers at other North American locations TBD.

Pirsa: 19090014 Page 52/54



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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