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The Canadian Hydrogen Intensity Mapping Experiment

• Transit telescope 
• 4 cylinders (20m x 100m) 
• 1024 dual-pol antennas 
• 400-800MHz (z = 2.5-0.8) 
• FoV: 1-2° x ~100° 
• Ops: late 2018 - now

chime
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21cm Intensity Mapping with CHIME
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Figure 6. (Top) Cross-correlation function of CHIME and eBOSS Lyman-↵ forest data, for the combined X and Y polarisations.
An estimate of the standard deviation of the background, as described in Section 6.1, is plotted as a shaded region. The black
dashed line is a template derived from simulations with an amplitude fit to the data. (Bottom) Residuals normalised by the
estimated background level.

Figure 7. Measured cross-correlation functions for each po-
larisation, along with the corresponding template fit to that
polarisation.

about 3% of the average redshift. For comparison, we
shuffled the positions of the quasars, and repeated the
binning calculation, resulting in a typical standard de-
viation of just under 3%. There doesn’t appear to be
more variation in the redshifts with location on the sky
than would be expected for an uncorrelated distribution
and we conclude that selection effects are unlikely to be
important.

7.2. Even/Odd Days
For this test, the full set of days of CHIME data that

went into the sidereal stack were divided into two sets

according to an even/odd split in chronological order,
and each was stacked in the same way as the full set
(see Section 2). The 21 cm and foreground signals are
the same on every sidereal day, so they are expected to
be common to the even and odd stacks, but thermal
noise and RFI should be uncorrelated between the two.
By taking the difference (and dividing by a factor of
two), the common foreground residuals should cancel
and what is left can be compared to our expectation
for thermal noise. Any remaining excess over the noise
can be attributed to day-to-day variations, e.g. RFI
or changes to the instrumental response that were not
entirely captured in the daily calibration.

The correlation functions evaluated on the even/odd
difference are shown in Figure 8, along with the expected
noise level. Not surprisingly, there is no visible excess
around the zero lag bin, which was confirmed by fit-
ting the signal template to this data, resulting in ampli-
tude parameters that are consistent with zero within 1�.
Note that the background fluctuations appear to have a
magnitude in excess of the noise. To make this compari-
son more clearly, the correlation function was evaluated
for 1000 permutations of the Lyman-↵ forest spectra for
the even-odd difference, as well as for a CHIME noise re-
alisation. In all cases, the same set of permutations was
used. Figure 9 shows the variance across permutations
for these two cases along with the regular data. The ra-
tio between the variance in the regular analysis and the
even-odd difference indicates the contribution of resid-
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Improved data processing and foreground filtering

YY pol, 700.78125 MHz - used for eBOSS stacking
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Improved data processing and foreground filtering

YY pol, 700.78125 MHz - reprocessed (2025)

e.g. RFI flagging, daily foreground filtering, achromatic beamforming
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arXiv:2511.19620: 21cm auto power spectrum at z ~ 1.16

• S/N =12.4
• Second reported measurement of 21cm auto power 

at any redshift*

*First: MeerKAT, z ~ 0.32 and 0.44, k ~ 0.4 to 8 h Mpc-1 (Paul+ 2023)

• First auto measurement at z > 0.5

Arnab
Chakraborty

(McGill postdoc)

Seth Siegel
(SKAO operations 

scientist)
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1d power spectrum in sub-bands
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Amplitude comparison: eBOSS stacking vs. auto spectrum
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Validation tests

Detection of the 21 cm Auto-power Spectrum with CHIME 31

Table 3. Statistical p-values for the validation tests

described in Section 7, which assess whether jackknife

combinations and di!erences between data splits or

mask choices are consistent with our noise model.

Validation tests

Data Selection Selection Criteria p-value

Imaginary component Im[P (k)] 0.58

(Even–Odd) nights Re[P (k)] 0.90

Im[P (k)] 0.55

Stokes-Q Re[P (k)] 0.21

Im[P (k)] 0.33

RA bins (RA2 – RA1) 0.54

Dec bins (Dec2 – Dec1) 0.44

Baseline Selections [(1+2+3)-cylinder]

– [1-cylinder] 0.76

Flux cuts

Mask Type Threshold [Jy] p-value

20 0.22

25 0.17

Track Mask 30 0.81

40 0.78

2 0.84

3 0.53

Transit Mask 4 0.41

6 0.65

7.1. Imaginary Component of the Power Spectrum

The power spectrum is complex-valued because we
cross-correlate two independent maps, each constructed
from a stack of either even or odd sidereal days. If the
sky is stationary and the instrument response is identi-
cal on even and odd sidereal days, then the cross-power
from the sky is real-only and the imaginary part is con-
sistent with noise. Departures from this expectation can
arise from, for example, relative spectral shifts or small
astrometric misalignments between the maps (due to
pointing o!sets introduced by phase calibration errors),
which rotate real power into the imaginary component
(Kolopanis et al. 2019; HERA Collaboration 2022). The
imaginary component of the Stokes-I power spectrum
is shown in the bottom panel of Figure 13 and yields
ω
2
/dof = 0.82 with a corresponding p-value of 0.58.

This indicates excellent consistency with thermal noise
and no evidence for residual phase-calibration–induced
o!sets. In the null tests below, we likewise evaluate
the imaginary component against the noise-only expec-
tation.

Figure 15. The real and imaginary components of the

power spectrum estimated from the di!erence of interleaved

nights. For visual clarity, we apply a small o!set to the data

points along k. These are consistent with the null hypothesis

that the data are drawn from the noise covariance.

7.2. Consistency Between Even and Odd Days

As described previously (Section 5.3), we split the to-
tal 94 nights of data into two even and odd subsets and
cross-correlate them to estimate the power spectrum.
To assess temporal stability and check for consistency
between these subsets, we further subdivide each into
two halves and construct di!erenced hybrid beamformed
visibility datasets, Ṽ p

di!,1
and Ṽ

p

di!,2
(following CHIME

Collaboration 2023). We then process these datasets
through the identical analysis pipeline (described in Sec-
tion 3 and Section 5) and generate the power spectrum
by cross-correlating them.
We expect the cosmological 21 cm signal to remain

constant across sidereal days and therefore cancel in the
di!erence between subsets. The noise is independent
between di!erent days and hence will remain in each
of the di!erenced visibility datasets. However, this will
not result in any positive bias in a cross power spec-
trum between the two di!erenced data sets Ṽ

p

di!,1
and

Ṽ
p

di!,2
, because each will have an independent noise re-

alization. Transient RFI is expected to be independent
between subsets and will persist in the di!erence. Sys-
tematic foreground residuals exhibit di!erent behavior
depending on their origin: residuals arising from chro-
matic instrumental e!ects or seasonal variations in the
instrument response will cancel, as these remain stable
on day-to-day timescales. However, foreground contami-
nation driven by day-to-day instrumental variability will
not cancel and may appear in the di!erence.
Therefore, in the absence of transient RFI or tempo-

ral instrumental instability, the resulting power spec-
trum should be consistent with zero. Figure 15 shows
both real and imaginary components of the power spec-

+ Varying masking threshold
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Paper in preparation: comparison with IllustrisTNG

Unscaled
IllustrisTNG 
predictions 
in here…

…or here

Shabbir 
Shaikh

(ASU postdoc)

Albin Joseph
(ASU postdoc)
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Summary

• CHIME has measured 
the 21cm auto power 
spectrum at z ~ 1.16 
(arXiv:2511.19620)

• Paper coming soon:
• Comparison with HI 

power spectra from 
IllustrisTNG

• Constraints on  
and  using power 
spectrum model 
(Albin Joseph’s talk)

ΩHI
bHI
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Extra slides
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21cm absorbers

• 40 narrow-band 
unresolved features 
discovered in 
cosmology data 
(390kHz resolution)

Candidate 21cm 
absorption systems 

(characterization 
underway)
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2d power spectrum
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North-South beamformingDetection of the 21 cm Auto-power Spectrum with CHIME 9

Figure 1. Top: Normalized window function, WNS, versus NS baseline distance, shown at three representative frequencies

near the bottom, middle, and top of the band. The left column shows the window function used in CHIME Collaboration

(2023) which is derived from the inverse-variance weights, while the right column shows the scaled triangular window function

adopted in this work. Bottom: Fourier transforms of the normalized window functions, illustrating the expected synthesized

beams as a function of o!set in the telescope y coordinate. The inverse-variance weights produce a beam that narrows with

increasing frequency and exhibits large frequency-dependent sidelobes, in part due to ripple-like structure from noise cross-talk.

By contrast, the triangular window is scaled with frequency to maintain an identical synthesized beam across the band.

to apply a foreground filter directly to the 9.9404 s time
series visibilities output by the correlator, prior to any
additional time averaging. Frequency-dependent RFI
masks used during time averaging couple to temporal
variation in the bright, spectrally smooth foregrounds,
imprinting spurious high-delay power (see Figure 2 for
an illustration of this e!ect). Because these foregrounds
are orders of magnitude brighter than the 21 cm signal,
even small changes over the averaging interval can bias
21 cm power-spectrum estimates. This temporal vari-
ation in the foregrounds is caused by Earth’s rotation
when rebinning the data to a fixed grid in local ERA,
and by day-to-day variability in the instrument response
during sidereal-day averaging. To control this e!ect, we
first discard any 9.9404 s integration for which the real-
time system reports more than 2% of samples missing
or masked, and then apply a per-integration foreground
filter along the frequency axis, constructed using the
contemporaneous RFI mask. After filtering, the data
are integrated in time further, first rebinning to a com-
mon local ERA grid and then averaging over sidereal
days. Throughout, we also accumulate the sidereal-
day–averaged filter and frequency–frequency noise co-
variance, which are used to propagate the filtering to
21 cm simulations and to estimate the noise, respec-
tively.

To filter foregrounds we use the DAYENU algorithm
(Ewall-Wice et al. 2021) with an implementation based
on that described in CHIME Collaboration (2023), ap-
plied to the NS beamformed visibilities V̆pfedt intro-
duced in Section 3.2.2. In this space, where the NS
interferometric delays have been removed, and for the
region of the sky considered here, the foregrounds should
be confined to delays below ω → 200 ns, beyond which
the delay spectrum becomes noise-like (see Figure 10 in
CHIME Collaboration 2023). We thus adopt a simple
model for the foreground plus noise covariance designed
to deweight the foreground contaminated delays:

C̃(ω, ω →) =

{
ε
↑1 1

2ωcut

ϑ
D(ω ↑ ω

→), |ω | ↓ ωcut,

”ε ϑ
D(ω ↑ ω

→), |ω | > ωcut,

(15)

where ϑ
D(ω ↑ ω

→) is the Dirac delta function, ”ε =
390.625 kHz is the channel width, ωcut = 200 ns is the
delay cuto!, and ε = 10↑12 is the assumed ratio of
noise to foreground variance. Fourier transforming to
frequency space yields an analytic expression for the fre-
quency–frequency covariance,

[C]
ff → = ε

↑1 sinc [2ϖωcut(ϱf ↑ ϱf →)] + ϑff → (16)

where here ϑff → is the Kronecker delta function. At
each time index t, we apply the frequency-dependent
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Illustration of spectra leakage from time-varying gains10 CHIME Collaboration

Figure 2. Schematic illustration of how spectrally-smooth

gain variations can couple to the RFI mask, resulting in leak-

age of foreground power into high-delay modes. The red and

blue curves show the real component of a visibility as a func-

tion of frequency over a 10MHz sub-band for the same local

ERA bin on two di!erent days. They di!er by an overall 1%

multiplicative factor that is approximately constant across

this sub-band, representative of gain variations expected in

CHIME. Gaps correspond to channels flagged by the RFI

mask. The black curve shows the average of the two days,

which is no longer spectrally smooth despite each day be-

ing smooth individually. This motivates our choice to apply

foreground filtering on individual days prior to averaging.

RFI mask by forming the diagonal masking operator

[Gt]ff → = ωff →G
(0)

ft
, which zeroes flagged frequencies.

We then compute the Moore–Penrose pseudoinverse to
obtain the inverse-covariance filter

Ht = (GtCGt)
+

, (17)

where + denotes the pseudoinverse. Foreground removal
is achieved by weighting the visibilities with this inverse
covariance, i.e.,

V̆
hpf

pfedt
=

∑

f →

Htff → V̆pf →edt. (18)

Thus the suppression of smooth foregrounds is cast as an
inverse covariance weighting problem under this simple
foreground covariance model.
The filter Ht depends only on the RFI mask and the

assumed covariance, and is identical for all polarisations,
EW baselines, and telescope y coordinates at a given
time. Unlike the implementation in CHIME Collabora-
tion (2023), we compute a distinct filter for each 9.9404 s
integration and apply it before rebinning and averaging
over sidereal days, mitigating spectral leakage from time
variability in the visibilities coupling to the RFI mask.

The frequency–frequency noise covariance at time in-
dex t is propagated through the same operator:

!petff → =
∑

f →→

Htff →→ ε̆
2

pf →→et Htf →f →→ . (19)

where ε̆
2

pf →→et is the beamformed noise variance given
by Equation (11). Both the filter and the fre-
quency–frequency noise covariance are retained and
propagated through the pipeline. These are later used
to apply consistent filtering to simulated 21 cm signals
and to generate noise realizations, both of which are es-
sential for interpreting the measured power spectrum.

3.3. Estimating and Correcting Residual Bandpass
Errors with HyFoReS

After applying the foreground filter, we observe resid-
ual leakage of bright point sources in the hybrid beam-
formed visibilities. This leakage is spatially coincident
with the brightest sources on the sky and is consistent
with structure in the instrumental bandpass that cou-
ples with foreground emission to evade the delay fil-
ter. To quantify this e”ect, we construct a model for
how a point source j would appear in the unfiltered hy-
brid beamformed visibilities, evaluated at the declina-
tion grid point dj nearest to the source. For polarization
p, frequency channel f , and EW baseline index e, the
template is

#pfe(ϑj ,ϖ→ ϱj) = S(ςf )Bpfe(ϑj ,ϖ→ ϱj), (20)

where (ϱj , ϑj) are the right ascension and declination
of the source in CIRS coordinates, S is a model of the
source flux density taken from an external catalog of ex-
tragalactic point sources, specfind v3 (Stein et al. 2021),
interpolated into the CHIME band, and B is the beam
transfer function,

Bpfe(ϑj ,ϖ→ ϱj) = |Apf (ϑj ,ϖ→ ϱj)|2

↑ e
→j2ωεfe!EWx(ϑj ,ϖ→ϱj)/c, (21)

where Apf is our model for the average primary beam
response evaluated at frequency channel f and for po-
larization p, and the exponential factor accounts for the
phase introduced by the geometric delay along the pro-
jected EW baseline.
We fit this template to the filtered hybrid visibilities

V̆
hpf to solve for a multiplicative leakage coe$cient ωg(j)

for each polarization, frequency, and EW baseline:

ω̂g
(j)

pfe
=

∑
t
G

(0)

ft
#↑

pfe
(ϑj ,ϖt → ϱj) V̆

hpf

pfedjt∑
t
G

(0)

ft
|#pfe(ϑj ,ϖt → ϱj)|2

, (22)

where G
(0)

ft
is 1 for valid samples and 0 for missing or

masked samples (see Equation (8)), and the sum runs
over a time window centered on the source’s transit and
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stack. This staged referencing ensures that all visibili-
ties are placed on a common sky-relative reference while
maximizing the amount of data available to determine
that reference level. Frequencies for which more than
30% of the time samples in the relevant reference inter-
val are missing are masked entirely. The end result is
a sidereal-day stack for each of the even and odd parti-
tions.
Figure 5 presents the stacked hybrid beamformed vis-

ibility V̆
stack

pfedr
for a representative polarization and EW

baseline, evaluated at the declination nearest to 3C 295,
the brightest source in our field. We show both the full
sidereal-day average (middle panel) and the di!erence
of the even and odd partitions (bottom panel). Given
CHIME’s night-to-night gain stability at the →1% level
(CHIME Collaboration 2022a), foreground power should
remain coherent across days and therefore cancel in the
di!erence, leaving predominantly thermal noise. The
close agreement in morphology between the average and
even–minus-odd maps, together with their comparable
variances (within 5%), indicates that any residual fore-
ground leakage in this data product is sub-dominant to
the noise after per-day foreground filtering and bandpass
correction—even in the vicinity of the brightest source.

3.6. Map Making

The next stage of the pipeline constructs sky maps
from roughly year-long stacks of hybrid beamformed vis-
ibilities for the even and odd partitions. Since the NS
direction has already been beamformed, map-making re-
quires only the combination of measurements from the
di!erent EW cylinder separations. We perform this
combination in the m-mode domain (Shaw et al. 2014,
2015) — the Fourier conjugate of local ERA — where
each EW baseline is sensitive to a narrow, largely dis-
joint set of azimuthal modes m. Our procedure fol-
lows the general framework described in Section 4.3
of CHIME Collaboration (2023), with several modifi-
cations detailed below.
We first mask frequency channels without full sidereal-

day coverage for both polarizations to avoid leakage in
the subsequent Fourier transform over local ERA due to
missing data. This is achieved by constructing a final
good-frequency flag

G
stack

f
=

∏

p,r

”
(
N stack

pfr

)
, (39)

which equals one if and only if every (p, r) bin at fre-
quency f contains at least one unflagged sample in the
stack, and zero otherwise. Frequency channels with
G

stack

f
= 0 are excluded from the subsequent analysis.

For each polarization p, frequency channel f , EW
baseline index e, declination grid point d, and Fourier
mode m, we take a discrete Fourier transform over local
ERA of both the stacked hybrid beamformed visibilities

Figure 5. Top: Hybrid beamformed visibility as a function

of frequency and time for the XX polarization and 22m EW

baseline, evaluated at the telescope y coordinate closest to

that of 3C 295 (the brightest radio source in the field consid-

ered in this analysis) at transit. The time axis is expressed

in degrees of 3C 295 hour angle, and the color scale shows

the real component of the visibility after fringestopping. The

top panel shows the average of unfiltered data over the full

94-day dataset, with features corresponding to the intrin-

sic spectrum of 3C 295 modulated by the primary beam re-

sponse. Middle: Same quantity after applying the HyFoRes

bandpass correction and a time-dependent high-pass filter

along the frequency axis to the raw time series prior to av-

eraging over sidereal days. This is the primary dataset used

in our analysis, in which the foregrounds are suppressed by

a factor of ↭ 104. Bottom: Di!erence between the even and

odd sidereal-day stacks, which cancels foreground power that

is stable across sidereal days. The close agreement with the

middle panel demonstrates that foreground leakage is sub–

dominant compared to thermal noise at this stage of the data

processing. The frequency dependence of the noise level, in-

cluding the prominent → 30MHz ripple, reflects the primary

beam response at the transit of Cygnus A, which is imprinted

onto the data through the complex gain calibration proce-

dure.


