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Abstract: Intensity mapping of redshifted 21cm emission from neutral hydrogen holds great promise for learning about cosmology, as it provi
efficient way to map large volumes of the universe without the need to characterize individual luminous sources. The Canadian Hydrogen Ir
Mapping Experiment (CHIME) is a cylinder telescope located in Western Canada that was custom-built for this purpose, with additional s
targets including fast radio bursts, pulsars, and Galactic radio emission. In this talk, | will provide an overview of the design and operational
of the telescope (in the context of the cosmology science case), and then present its first 21cm science results: detection of a cross-cc
between CHIME sky maps and galaxy/quasar catalogs from the extended Baryon Oscillation Spectroscopic Survey (eBOSS). In particulat
discuss our data processing pipeline and how we model the measured signal, as well as the physical implications and prospects for more
future measurements.
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Detection of Cosmological 21cm Emission with CHIME / Simon Foreman

Outline

1. Review: 21cm intensity mapping

2. CHIME instrument overview and status

3. Cross-correlation analysis: data processing

4. Cross-correlation analysis: physical interpretation
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Large-scale structure with 21cm intensity mapping

* Observe the sky at low resolution
in the radio (vobs < 1420.4 MHz)

 Maps contain 21cm line
emission from spin flips in HI

* Observing frequency
— redshift:

_ 1420.4MHz

Vobs
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Redshift z figure: Richard Shaw
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Expansion history: state of the art

eBOSS QSO
eBOSS LRG

eBOSS ELG
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V4 CHIME Collaboration 2022 (figure: SF)
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Expansion history: CHIME best-case scenario

v [MHZ]
947 812 710 631 568 517 473

437 406

0.961 T Ideal CHIME (no foregrounds/systematics)

0.50 075 1.00 125 1.50 1.75 200 225 2.50
£ CHIME Collaboration 2022 (figure: SF)
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Expansion history: CHIME best-case scenario
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Instrument overview and status
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Expansion history: CHIME best-case scenario

v [MHz]
947 812 710 631 568 517 473 437 406

1044 I DESILRG+ELG+QSO
I DESI Lyman-a Forest
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0.961 T Ideal CHIME (no foregrounds/systematics)
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4 CHIME Collaboration 2022 (figure: SF)
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Detection of Cosmological 21cm Emission with CHIME / Simon Foreman

- The Canadian Hydrogen Intensity Mapping Experiment

Compact interferometer with redundant baselines

1024 antennas (2 polarized feeds each)
e 4 cylinders, 20m x 100m each

400 - 800 MHz (2.5>2z>0.8), 1024 channels
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- The Canadian Hydrogen Intensity Mapping Experiment

Compmaci interferometer with redundant baselines

1024 antennas (2 polarized feeds each)
e 4 cylinders, 20m x 100m each

Measure large scales (d,; ~ k) with low noise

400 - 800 MHz (2.5>2z>0.8), 1024 channels
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The Canadian Hydrogen Intensity Mapping Experiment

‘

S

ompact interferometer with redundant baselines

1024 antennas (2 polarized feeds each)
e 4 cylinders, 20m x 100m each

Measure large scales (d,; ~ k) with low noise

400 - 800 MHz (2.5>2>0.8), 1024 channels
High redshift resolution (Av ~ 0.39 MHz — §z ~ 107?)
k
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Location
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- The Canadian Hydrogen Intensity Mapping Experiment

feed b

Compact interferometer with redundant baselines

R

« 1024 antennas (2 polarized feeds each)
e 4 cylinders, 20m x 100m each

Measure large scales (d,; ~ k) with low noise

400 - 800 MHz (2.5>2z>0.8), 1024 channels
High redshift resolution (Av ~ 0.39 MHz — 6z ~ 107?)
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Detection of Cosmological 21cm Emission with CHIME / Simon Foreman
Location, collaboration, and land acknowledgment

TH

UNIVERSITY OF % UNIVERSITY OF
BRITISH

COLUMBIA TORONTO

7 h

8 ¥ McGill

N3C-CN\3C

with partners at

katgﬁ

Institute of
INSTITUTE &z Technology

: B N Massachusetts
== Iversi Gl E iNis iversi
11 Yale University \ WestVirginiaUniversity I l I i I

We acknowledge that CHIME is located on the traditional,
ancestral, and unceded territory of the Syilx Okanagan people.
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Flyover of site (from Sept. 15, 2016)
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What CHIME_ measures

product of complex
voltages gains of thermal Challenge: understand or

atfeedsa, b feedsa, b noise mitigate each item

T R YR T

Vo) = 0a Dt &) {Nab(u,t)

+ ] a2 Ay (R, 8) Af (R, )™ %r ™/ [RFI(R, v, 8) + Trg(R, v) + Toa (1, v)]}

product of phésé/o’e/a 1% radio foregrounds 21 Cm
beam responses factor frequency signal
of feeds a, b interference

k
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The foreground problem

= G. Synch
, = = 1% Pol. leakage
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v (MHz)

e Foregrounds: bright, but spectrally smooth
= inhabit low-k; modes

e 21cm signal: low frequency-frequency correlation

(frequency = source redshift)
figure: Alonso+ 2014
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CHIME's view of the radio sky

Map at 670MHz made from beams formed along meridian
(minimal processing applied)
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CHIME Collaboration 2022 (figure: S. Siegel)
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Operational status

* Acquiring cosmology science data since Oct. 7, 2018
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 Significant progress on instrument calibration since
first light:

Complex gain calibration: <1%
Phase calibration: 0.015 rad

More details in instrument overview paper:
arXiv:2201.07869
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Cross-correlation analysis
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CHIME cross-correlation target: eBOSS survey

extended Baryon Oscillation Spectroscopic Survey (eBOSS):
4.5-year survey with Sloan Telescope (e.g. Alam+ 2021)

 Emission-line galaxies (ELGs): blue, star-forming 31,181
* Luminous red galaxies (LRGs): old, quiescent 21,615
* Quasars (QSOs): bright active galactic nuclei 48,046

used in

900800 700 600 500 v [MHz] !
‘ | ‘ analysis

oog J o_u =]

"060810121416182022 2
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CHIME cross-correlation target: eBOSS survey

eBOSS footprints and example CHIME map

NGC

Jy / beam

270 240 210 180 150 120
RA [deg]
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Cross correlations: method

* Make multi-frequency sky map

* Apply filtering and masking

* Extract spectral cube centered
on each object’s location/freq.

* Shift v axis and stack

Quasar @
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1
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Slide from Mateus Fandifio
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Previous work, part 1: spectral stacking

. . Chowdhury+ 2021: GMRT,
e Interferometric observations 0.74 <z < 1.45

e 4-300 significance

* No clustering information

Lt (Jy Mpc?)
>
[}
[ o]
.

e Derive mean HI mass
of galaxy sample

Rhee+ 2016: GMRT, z ~ 0.32
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Previous work, part 2: cross power spectra of maps
Masui+ 2013: GBT, 0.6 <z< 1
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Map at 700MHz for NGC field

~all baselines
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* Roughly 500 hours (~22 days) of integration time

* Primary beam model has been deconvolved
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Map at 700MHz for NGC field
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» Restrict to inter-cylinder baselines: resolve out diffuse fg
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Delay space (Fourier conjugate of frequency)

Fourier transform v — 7

Compute variance over RA

ky [h MpC 1]
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Delay space (Fourier conjugate of frequency)

e Fourier transform v — 7

 Compute variance over RA

ky [h Mpc~t]
-0.6 -0.4 -0.2 0.0

Delay
spectrum

Filtered out

DAYENU:
Ewall-Wice+ 2021

Dec [deqg]
s
=

T [nsec]
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Map at 700MHz for NGC field

m]y / beam

N

210 180 150
RA [deg]

» Restrict to inter-cylinder baselines: resolve out diffuse fg

* Apply high-pass delay filter:
remove spectrally-smooth modes
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Map at 700MHz for NGC field

m]y / beam

210 180
RA [ded]

» Restrict to inter-cylinder baselines: resolve out diffuse fg

* Apply high-pass delay filter:
remove spectrally-smooth modes

 Mask pixels >6 times expected noise level:
mitigate artifacts from bright point sources
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CHIME maps stacked on eBOSS QSO catalog
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Stacking signal for all eBOSS catalogs

ELG LRG QSO

31k objects, z.st = 0.96 22k objects, zett = 0.84 48k objects, zett = 1.20
S/N ~ 5.7
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Physical interpretation
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Cosmological scales probed

600 MHz (z=1.4)

+ 700 MHz (z=1.0)

+ 800 MHz (z= 0.8)
First 3 BAO wiggles

Small
spectral
scales

Small
angular
scales

1.0 e—
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Cosmological scales probed

600 MHz (z=1.4)

+ 700 MHz (z=1.0)

+ 800 MHz (z=0.8)
First 3 BAO wiggles

Small
spectral
scales

Small
angular
scales

1.0 —

0.5 1

Quasi-linear
regime
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Cosmological scales probed

600 MHz (z=1.4)
== 700 MHz (z=1.0)
- = 800 MHz (z= 0.8)
First 3 BAO wiggles
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Simulation-based modelling

Generate correlated

multi-freq. sky maps \&2- NSty

_Hi density

Propagate Draw mock
through eBOSS
instrument model catalogs

(Shaw+ 2015) oy e e

——

Make map,
filter, mask

Stack map on
catalog positions

maéked
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Simulation-based modelling
Py 1(k, p; 21, 22) = T (215 Q) [bun(21) + f(21)1°] [bg(22) + £ (22) 7]

X D(21)D(22) P (k; Qﬁ,)DFoG(km z1; on1) Droc (kp, 22; 0¢) + C(2) (Mur),

()11 : mean HI density

brr. b. : linear bias of HI and galaxies/QSOs

(N1, : strength of nonlinear clustering

OHI, O¢ : scale of Finger of God damping due to
~ small-scale velocity dispersion

H1), : mean Hl mass per object in catalog

Pirsa: 22030104 Page 40/49



Detection of Cosmological 21cm Emission with CHIME / Simon Foreman
Effects of parameters on stacking model

Line of sight cross power specurum Stack signal
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Parameter constraints from QSOs

B All parameters
B Fixed non-linear
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Stacking signal for all eBOSS catalogs

ELG LRG QSO

31k objects, z.ss = 0.96 22k objects, zett = 0.84 48k objects, zett = 1.20
S/N ~ 5.7
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