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The CHIME telescope

Kendrick Smith
Perimeter Institute, October 2022




1. The CHIME concept: moving difficulty from hardware to software
Searching for fast radio bursts with CHIME

Periodic phenomena in FRBs

An FRB in the Milky Way

A large FRB catalog

Coming soon: CHIME outriggers, CHORD
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Traditional radio telescope
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Single-feed radio telescope

Focuses via physical delays: constructive interference
only occurs for a specific direction on the sky
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Phased-array interferometer

X X XX X X X X
e e

:f—f' i (digitize and sum with delays)

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
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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!

¥ 3
A 4

80m
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Mapping speed

For many purposes, the statistical power of a radio telescope is proportional to its
mapping speed:

M = (Collecting area A) x (Number of beams) x (Order-one factors)

A Nbeams M/(105 m2)
Parkes 64m 3200 m? 13 0.41
Green Bank 100m 7850 m2 7 0.55
Arecibo 300m (RIP) | 70000 m2 7 4.9
FAST 500m 200000 m2 19 38
CHIME 6400 m?2 1024 66
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The challenge

A Npeams M/(10° m?)
Parkes 64m 3200 m? 13 0.41
Green Bank 100m 7850 m2 7 0.55
Arecibo 300m (RIP) 70000 m2 7 49
FAST 500m 200000 m2 19 38
CHIME 6400 m2 1024 66

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

The CHIME design is really a strategy for moving difficulty from hardware to software.
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LSST: 15 TB/day
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CHIME computing

pulsar timing
/ backend
diF ?ﬁivj:r/ — GPU cosmology
Cha%melizer —— | correlator backend
FRB h
30 GH/ves /\ ke
~4600x LSST
18 GB/sec
~100x LSST

Pulsar timing backend

10 beams (repointable)

« Receives electric field
at max resolution

Cosmology backend

+ Receives full visibility
matrix (20482) at low
time resolution (10 sec).

FRB search backend

1024 beams (fixed)

* Gets intensity in 16384
frequency channels, at
1 ms time resolution.
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The CHIME concept: moving difficulty from hardware to software
Searching for fast radio bursts with CHIME

Periodic phenomena in FRBs

An FRB in the Milky Way

A large FRB catalog

Coming soon: CHIME outriggers, CHORD
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FRB mini-introduction (slide 1/3)

An FRB is a radio pulse whose dispersion exceeds the maximum possible contribution
from the Milky Way (in models!), suggesting an extragalactic origin.

* Dispersion from cold plasma of ionized
electrons: (Pulse arrival time) o =2

e Prefactor is the “dispersion measure”:
DM = Idx n,(x)

Radio astronomy DM units: pc cm-3.
(DM ~ 500 for a typical FRB.)

e First discovered in 2007! When CHIME
started operating, ~30 FRBs had been
discovered. (Number is now ~600, of
which ~500 were found by CHIME!)
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FRB mini-introduction (slide 2/3)

e FRB’s don’t have redshifts, only DMs.

e However, a few FRBs have been measured with enough angular resolution (~1 arcsec)
to associate the FRB with its host galaxy and determine a redshift.

e With ~10 points in the (z, DM) plane, it
looks like FRB’s are usually
cosmological, and DM is a reasonable
distance indicator.

e Implication: FRB’s are ultra-energetic
(~105-10!1 times brighter than known
sources in our Galaxy)

e Explaining FRB’s has become a central
unsolved problem in astrophysics.

ASKAP (2005.13161) DSA (1907.01542)
CHIME+EVN (2001.02222) VLA (2007.02155)
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FRB mini-introduction (slide 3/3)

Repeaters: prior to CHIME, one FRB had been observed to repeat. This FRB (now

called “R1”) was a gold mine of information. In particular, it was the first FRB
localized to a host galaxy.

In the first ~year of operation, CHIME found 18 new repeating FRB’s, establishing
that repetition is a ubiquitous phenomenon! (Since then, 2 more repeaters have been
found by other telescopes, and CHIME also has a few dozen unpublished repeaters.)

Do all FRBs repeat? , —
Open question: do all FRB’s repeat, or are 63 responses | PRELIMINARY
repeating and non-repeating FRB’s different |
. @ Yes
types of objects? @ No

(poll from FRB2020 online conference)
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A Living Theory Catalogue for Fast Radio Bursts

E. Platts™", A, Weltman®, A. Walters"*, 8. P. Tendulkar’, J.E.B. Gordin®, S. Kandhai®

NS & Ast./ Mag, recon. | Curv, Nome Single | Geng and Huang (2015)
Comets Huang and Geng (2016)
NS & Ast. ¢ stripping | Curv. Frays HRepeat | Dai et al. (2018)
¥ | Belt :
Small Body Wasor Synch. None Repont | Motter and Zarks (2014)
& Pulsar |
Mag, recon. | — GwW Both Abramowlcs and Bejger (2017)
E Axion Suar e oscill. - None Single lwazaki (2014, 2015a,b)
< |&Ns Raby (2016
é Axion Star e osclll. = None Hepeat | Twazaki (2017)
& BH
8 Axion Cluster Maser Synch. — Single | Thachev (2015)
& NS
Axdon Cloud Laser Synch. CWs Hepeat | Rosa and Kephart (2018)
& BH
AQN & NS Mag. recan. | Curv. Helow IR Repeat | vian Waerbeke and Zhitnitsky (2018)
Starguakes Mag. recon. | Curv. GIB, X-rays Repeat | Wang et al (2018)
Varinble Undulator | Synch. = Repeat | Song ot al. (2017)
Star
Pulsar Electrostatic | Curv. - Repeat | Katz (2017a)
L i-‘h(njn'
Wandeting = = = Repeat | Kats (2016d)
Beam
B Tiny EM Thin shell Curv. Higher freq. Repeat | Thompson (2017b,8)
g Explosi Inted radio pulse, y-rays
WHs — — IR ommsion, y-rays | Single | Barrau el al. @]-I, 2018)
NS Combing Mag, recon. | — Seenarl Hoth Zhang (2017, 2018)
Superconducting | Cusp decay | — GW, neutrinos, Slogle | Costa ot al (2018)
Cosmic Strings cosmic rays, GIlBs
Calaxy DSR DSR Synch. = Both | Houde ¢l al, (2018)
Alien Light Artilicial - — Repeat | Lingam and Loeb (2017)
Salls transmitier
w | Stellar Coronne | N/A N/A N/A N/A Loch et al. (2014)
5 Maoz et al (2015)
£ Neutral Cosmic | N7A N7K N/K N/& Brandenberger et al. (2017)
= | Strings
Annihilating N/A N/A N/A N/A Keane et al. (2012)
Mini BHs

PROGENITOR Mecnaniaym | Emission | COUNTERPARTS Tyre REFERENCES
Mag. brak. | — GW, sGRB, [ Siongle | Totan! (2013)
NS-NS Mag. recon. | Curv, afterglow, X-rays, | Hoth ang et al. (2016)
Mag flux — kilonovane Both Dokuchaov and Eroshenko (2017)
NS-5N Mag. recon. | — None Single | Fgorov and Postaov (2009)
NS-WD Mag. recon. [ Curv. — Repenl | Cu el ol (2016)
Mag. recon. | Curv, - Sin Liu (2017)
E WD-WD Mag. recon. | Curv. X-rays, SN Koshiyama et al (2013
] ~WD-BH £ Synch. | X-rays o
NS BH BH battery | — GWa, Xerays, Single | Mingarelli ot al. (2015)
Yrays
Pulsar-BH — — GWs Single | Bhattacharyya (2017)
KNBH-BH Mag. flux Curv. GWs, sGRB, Single | Zhang (2016h)
Inspiral) radio afterglow
NBH-BH Mag. recon. | Curv. GW, y-rays, Single | Liu et al. (2016)
(Magneto.)
NS w KNBH Mag. recon, Curv, GW, Xeray Single Falcke and Rezzolla (2014)
¢ afterglow & GRB Punsly and Bini (2018)
Zh 2014
é NE 10 S8 B-decay Synch. OW, X-& y-rays | Single | et al. (2016
NS 1o BH Mag. recon. | Cury. W Single | Fuller and Obt (015)
58 Crust Mag. recon, | Cury. GW Sin Zhang ev al. (2018
lant Pulses | Various Synch/ | — % canc et al. (2012
Curv. Cordes and Wasserman (2018)
" Connor et al. (2016)
g Sehwinger Puire | Schwinger Curv, — Single | Tleu (3017}
& [ PWN Shock — Synch. N, PWR, Single | Murase et al. (2016)
g iNSi X-rays
& — Synch- SN, Xerays Single | Murase et al (2016)
(MWDE
~ | M Maser Synch. GW, sORB, radio | Single | Popov and Postaov (2007)
i | (Single) afterglow, high Murase et al. (2016)
g energy - Lyubarsky (2014
= | MWN Shock Masor Synch. GW, GRB, radio | Repeat | Boloborodoy (2017)
z (Clustered) alterglow, high
Jot-Caviton ¢ weatter Bromst. | X-rayn, GRB Repent | Romero et sl (2016)
radio | Single | Vieyro et al. (2017)
AGN-KRBH “Maser Synch. SN, GW 5-rays, Repeat | Das Gupta and Sainl (2017)
neutrinos
(?; TAGN-SS e oscill. — T GW5, Tlepeat | Das Gupta and Sami (2017)
= GW, thermal rad.,
“-rEyR, neutrinos
Wandering = Synch, | ACIN emission, Repent | Katz (20175)
Beam X-ray/UV
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“bonsair”’: CHIME fast radio burst search software

From 2016-2018, we developed algorithms to search a
CHIME-sized dataset for fast radio bursts (FRBs).

The CHIME FRB search software is: Kendrick D;stin

Smith Lang

* Orders of magnitude faster than other search
software.

Jr‘J i J ,l;e;. i
Masoud Utkarsh
+ Real-time, ~10 second latency Ralier-Ravandi Giri

+ Near statistically optimal

* Includes real-time RFI removal with very low
false positive rate

Maya
Burhanpurkar
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Innovation Awards PROCIES  NOWINATE  ABOUT  WINNIMGE  NEWE | N

Letter | Published: 09 January 2019 SC Q
Observations of fast radio bursts at frequencies down - 1enee
to 400 megahertz 2020 BREAKTHROUGH OF THE YEAR

I

RUNNERS-UP

nature

Letter | Published: 09 January 2019
A Second source Ofrepeati“g fast l'adio burStS Everyone loves a good mystery. Take fast radio bursts (FRBs)—short, powerful

flashes of radio waves from distant galaxies. For 13 years, they tantalized
astronomers keen to understand their origins. One running joke said there were

Found: elusive source of fast radio bursts

CAMADA
BaaRr

more theories explaining what causes FRBs than there were FRBs. (Currently, T
nature astronomers know of more than 100.) 8 mmmml‘:f::.‘vnf:::g:;::i‘c)mppI"g
NoMINAID oY
Article | Published: 17 June 2020 Then, in April, an FRB went off in the Milky Way—close enough that ° AN ASEARCH el
PeriOdic actiVity from a fast radio burst source astronomers could examine the scene. The Canadian Hydrogen Intensity

Mapping Experiment, a pioneering survey telescope in British Columbia
responsible for the discovery of many FRBs, narrowed the source to a small

area of sky, which was soon confirmed by the U.S. radio array STARE2. Orbiting Y
nature observatories sensitive to higher frequencies quickly found that a known
Article | Published: 04 November 2020 magnetar in that part of the sky, called SGR 1935+2154, was acting up at the e

X i . . same time, spewing out bursts of x-rays and gamma rays.
A bright millisecond-duration radio burstfroma

SPACE AND CHIME
Galactic magnetar o

an i

CHIME Fast Radio Burst team to
nature receive 2022 Berkeley Prize
Article | Published: 08 January 2020
Arepeating fast radio burst source localized to a
nearby spiral galaxy The et e b the Aroarican il Sy

racognizes the landmark detection of fast radie bursts (FIREs) by the

CHIM collaboration, including Perimeter researchers,

nature

Article | Published: 13 July 2022
Sub-second periodicity in a fast radio burst

B November 22, 2021
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The CHIME concept: moving difficulty from hardware to software
Searching for fast radio bursts with CHIME

Periodic phenomena in FRBs

An FRB in the Milky Way

A large FRB catalog

Coming soon: CHIME outriggers, CHORD

P o g B B =
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First phenomenon: periodic sub-pulses in an FRB

a | FRB20191221A

e A few FRBs show pulse train “microstructure”.

Frequency (MHz)

e In this example (FRB20191221A), a ~3 second
burst of activity can be resolved as a sum of ~9

overlapping pulses. 0 1,000 2,000
Time (ms)
(After subtracting a well-motivated model for .

the pulses, residuals are consistent with noise.) :

A b t o)
e Al WAL AN SR

CHIME/FRB collaboration, arxiv:2107.08463 ok :sa; '

Residua’ S/N
b N D N oA

1000 1500 2000 2500 3000 3500
Time (ms)
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First phenomenon: periodic sub-pulses in an FRB

2.5+ ,/'
o
2.0 1 ”’
e We noticed that the arrival times are periodic (with - '/.
3 gaps), with best-fit period 217 ms. L8 e
0.5+ ,.’
e Formal significance is ~6.56 (p-value 7 x 10~11), 0| &

accounting for look-elsewhere effect in period and
choice of gaps.

e 217 ms period suggests a neutron star origin.

3 BRESEAC A Sl iy SRR N
CHIME/FRB collaboration, arxiv:2107.08463 IR R ™. R
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Second phenomenon: periodic activity in an FRB

Source Name? RAPY Dec.” 1 e DMm4 DM§2000 PMSywis  Nourss Exposure/ Completeness ¢
(J2000) (J2000) (deg) (deg) (peem™) (pecem™?) (pe em™?) (hr, upper / lower) (Jy ms)
1 180916.J0158+65 1hS8m+T +65°44/+11 129.7 37  349.2(3) 200 325 10 2348 4.2
2 181030.J1054+73 10h5{m=8 +7744+£26 1334 409 103.5(3) 40 32 2 27+14 / 19411 wsr f AT
3 181128.J0456+63 4hiémt1l’ +6FL9+18 1466 124 450.5(3) 112 151 2 16+10 4.0
4 181119.J12+65 12hd2m=3' +65°08'£9" 124.5 520  364.05(9) 34 26 3 19+9 26
12h30m=6" +65°06'+£12’
L] 190116.J1249+27 12h49m=8"' +27°00'=14" 210.5 89.5 441(2) 20 20 2 8+ 5.7
6 181017.J17056+68 17h0dm+12 +68°17+12 992 348 1281.6(4) 43 37 2 20+11 0.6
i 190209.J0937+77 9hITmLs  +77T40+£16 1342 348 425.0(3) 46 39 2 34419 / 28418 I8/ ..
190222.J2052+69 20h52m+10" +69°50'+11" 1049 159  460.6(2) B7 101 2 20+10 5.4

05" FRB 180916.J0158+65

43'00”

55"

Declination (J2000)

50"

45"

+65°42'40"

03* o2t
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01*

58m00* 59
Right Ascension (J2000)

1"s7™58*

« This repeating FRB (“R3”) is the most active
repeating FRB in CHIME.

+ Redshift z=0.0337 (EVN + Gemini).
- At the time, this was the closest known FRB.

Nature 577 (2020) 190, arXiv:2001.02222
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Second phenomenon: periodic activity in an FRB

* A surprise: R3 is only active in 4-day windows, regularly spaced with period 16.35 days.

* Naturally explained in a neutron star model, as either orbital period (in a binary system)
or precession period.

Detection 1 2 2 1

C 4 4 1 5 4 4 2 4 .
ount: | | |
15.0 1 * * i ' ' ‘ . * *
a < A
E‘ 12.5 —— - -—- -
£ 10.0 Predicted Epochs
.E ¥ CHIME Detection Epochs
S 7591 W EVN Detection Epochs
§ = A Effelsberg Observation Epoch
%
d g5 4
0.0 1 — - R . — .- - e - am— — - L - - - - se
T T T T T T T 4—
2018-09 2018-11 2019-01 2019-03 2019-05 2019-07 2019-09 2019-11
Date

4 11
p—value ~ 270 (ﬁ) s (5 X 10—5)
%

Trial factor (# of trial periods X phases) Nature 582 (2020) 351, arXiv:2001.10275
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Second phenomenon: periodic activity in an FRB

* A surprise: R3 is only active in 4-day windows, regularly spaced with period 16.35 days.

* Naturally explained in a neutron star model, as either orbital period (in a binary system)
or precession period.

Detection 1 2 2 1

ooy 4 1 5 4 4 2 4 2
ount: | l I
15.0 * * - ' ' ‘ . * *
: & .
E“ 12.5 —— - -—- -
£ 10.0 Predicted Epochs
.E ¥ CHIME Detection Epochs
S 7591 W EVN Detection Epochs
§ 5.0 - A Effelsberg Observation Epoch
-9
d g5 4
0.0 1 — — R . — .- - - cam— — - L - - - - se
T T T T T T T _4_‘
2018-09 2018-11 2019-01 2019-03 2019-05 2019-07 2019-09 201%-11
Date

4 11
p—Value ~ 270 (ﬁ) ~~ (5 X 10—5)
N

Trial factor (# of trial periods X phases) Nature 582 (2020) 351, arXiv:2001.10275
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The CHIME concept: moving difficulty from hardware to software
Searching for fast radio bursts with CHIME

Periodic phenomena in FRBs

An FRB in the Milky Way

A large FRB catalog

Coming soon: CHIME outriggers, CHORD

S S o
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An FRB in the Milky Way

- FRBs are much brighter (~103¢ to 1042 ergs) than the brightest pulses ever
observed from neutron stars in the Milky Way (~103! ergs). This is why FRBs
are a puzzle in the first place!

- In April 2020, CHIME observed two pulses from a known magnetar (SGR
1935+2154) with energy (3 x 1034) ergs! (The first pulse was also seen by
ARO; the second pulse was also seen by STARE2 at 1.4 GHz.)
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Nature 587 (2020) 54-58
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An FRB in the Milky Way
Blue = FRBs

Orange = well-understood
» If this pulse had come from a nearby galaxy, Milky Way pulses
it would be bright enough to qualify as an

FRB. i : : FRBs ﬁ AN * ‘iﬁ :
 Implication: at least some FRBs are : - £ S A ]
magnetars! L ;
« It’s natural to speculate that all FRBs are VA ; _

Accrelors

magnetars. However, the plot thickens....

18

15

Pulsars, R.R’A(IE

log,q Spectral Luminosity (erg s
12 21

9
T
|

1 L | L L | | L | ! L | 1 L | ! L |
-9 -6 =3

[@N]
]
A
(8]
[{e]

log,o Duration (s)

Bochenek et al (STARE2)
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An FRB in an old globular cluster

* FRB 20200120E: repeating FRB discovered in
CHIME (3 bursts observed).

* Localized by EVN to old (~101° years) globular
cluster near the M81 galaxy (redshift z ~ 1077)

 But, an old globular cluster should have negligible
recent star formation. How can there be magnetars?

» Merger-induced collapse may be a viable
mechanism (e.g. Kremer et al arXiv:2210.04907).
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05*
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1000 w"
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New fast radio burst found in area
that shouldn’t have any sources

Bource narn owed down to a cluster where the stars are too old for bursts.

5 56~

Mysterious Repeating Fast Radio Burst
Traced to Very Unexpected Location

SPACE 73 Frbin:

Bhardwaj et al ApJL (2103.01295)
Kirsten et al 2105.11445
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The CHIME concept: moving difficulty from hardware to software
Searching for fast radio bursts with CHIME

Periodic phenomena in FRBs

An FRB in the Milky Way

A large FRB catalog

Coming soon: CHIME outriggers, CHORD
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492 total sources, 18 of which are repeaters!

First CHIME FRB catalog

Galactic Latitude

B %
= Non-Repeating
Rapaating

a E
™ North Celestial Pole

[xposure (Hours)

Galactic Longitude
33° 123" 113

143° 1

0 20 50 100 200 500 10002000
Upper Transit Exposure (Hours)
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#* 300
200
100
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CHIME/FRB collaboration, arxiv:2106.04352, ApJ accepted

2005 2007 2009 2011 2013 2015 2017 2019
Year
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First CHIME FRB catalog

e Model parameters for repeating FRBs versus non-repeaters.

Repeaters have wider pulses and narrower bandwidths, but other parameters are the same
(DM, scattering time, flux).

2 4
g EEm Non-Repeaters 2 B Non-Repeaters I Non-Repeaters
pmA First Repeats 10 W@ First Repeats @A First Repeats
a
€ 10} ; 5 100
8 g 3 .
10° 4 100 v 1
0 20 40 60 80 100 0 10 20 30 40 500 1000 1500 2000 2500 3000
Fluence (Jy ms) Flux (Jy) DM (pc cm~3)
EEE Non-Repeaters 102 ™= Non-Repeaters , mmm Non-Repeaters
102 | wn  First Repeats wiA First Repeats 1074 mms First Repeats
2 | 4
: : :
8 1014 3 10t 3w
10° + 100 10° 4
0 5 10 15 20 25 100 200 300 20 40 60 80 100
Width (ms)

Bandwidth (MHz) Scattering time (ms)
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Using FRB-galaxy correlations to learn about FRBs

al ' / S — et (L= 543) ey 0 L F— it (L = 1164) i
o § e O 4f - 1/n3 af-— yny
i/H‘J ’,’ R o L E+ cye ,,’ + cys ;
sk el 3 . o / : f
g - ¥ g b g
X X i X
g 3 1 = =
o
-1 ;— WISExSCOS (zmin — 0.3125) -1 E- DESI-BGS (zmin = 0.295) -1 - DESI-LRG (2Zmax = 0.485)
- T T bt g a—
e CHIME angular resolution is insufficient to associate individual
FRBs with individual galaxies.
e By spatially correlating FRBs and galaxies, we see a high
significance (50) statistical association.
e First evidence for high-DM FRBs (DM ~ 800) at intermediate
redshifts (z ~ 0.4), later confirmed by other telescopes. Masoud Rafiei-Ravandi
e Much higher statistical significance coming soon! Rafiei-Ravandi et al, ApJ
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Coming soon: CHIME outriggers

CHIME finds FRBs at a very high rate, but has limited angular resolution.

Solution: build outrigger telescopes! (Funded by Moore foundation and NSF.)

« When CHIME core detects an FRB, it

tells the outriggers to save voltage data to
disk.

* Qutriggers do nothing except ring-buffer
data, and save to disk on command.

- Later, data can be shipped to computing
cluster for VLBI analysis.

* Currently under construction!

Pirsa: 22100067
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Coming soon: CHORD (Canadian successor to CHIME)

New technology under development:

- Wide-band feeds (300-1500 MHz).

+ Lower noise, aiming for Tsys ~30 K
(CHIME is ~50 K).

- Using 512 6-m dishes, total
collecting area (120 m)2.

- Effective mapping speed ~10 times
higher than CHIME.,

* Outriggers for VLBI resolution.

« “Pathfinder” expected 2023/4,
full instrument expected 2025/6.
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Concluding thoughts

* For $20M CAD, you can build the world’s most powerful radio telescope!
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