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- Xuelei : Hi Reza, we should find a summary speaker
- Reza : OK, I don’t know, maybe we can ask XXX
- Xuelei : Yes, it would have been nice, but he said that he is too busy 
- Reza : It’s a pity, let’s see … euh … what do you think of YYY ?
- Xuelei : Wonderful ! I hade exactly the same idea. 
- Reza : Good, so let’s ask her. 
- Xuelei : Unfortunately, I already tried. She told me that she is busy 

tomorrow afternoon - A teleconf with her lab management.
- Reza : I have no other suggestion. We can simply skip it, nobody will 

complain
- Xuelei : No, we should have a summary talk. I thought that you 

could do it …
- Reza: What ? Me ? You are kidding. What do you want me to 

summarise, I wasn’t listening to the talks ! 
- Xuelei: Come on Reza, you can’t just come and spend your time 

eating in the restaurant and then relax. We are here to work - Science 
count on us !  

The summary speaker



1. EoR & Cosmic Dawn 

2. Post EoR Intensity Mapping 

3. Data analysis challenges 

4. Simulation & forecasts

5. Global spectrum experiments

6. Experimental challenges 

7. Looking Beyond

Workshop sessions
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Figure 16. Measured two-dimensional power spectrum of the best clean data set for E–W polarization for the EoR0 (left) and the EoR1 (right). The frequency
range is 75–87 MHz. Right-hand panel is the logarithm of the ratio between the EoR0 and the EoR1. Red indicates that the power spectrum for the EoR0 is
lower than the power spectrum for the EoR1.

higher power than the polluted data, although the ratio of clean data
volume to polluted data is only 0.75 in the EoR1. This seems to
indicate that the power spectrum of the EoR1 field is limited by other
systematics rather than the ionosphere and the RFI.

We omit the systematically polluted data from our further integra-
tion because integrating polluted data does not show improvement.
Furthermore, the data with high RFI occupancy can generate un-
wanted bias in the power and the ionospherically active data has
biased gain value even after updating the source list. Therefore,
omitting the polluted data should be worth to avoid unknown
biases. Although the RFI and ionosphere might not be dominant
systematics for the EoR1 field, we remove the polluted data from
further integration for a conservative analysis.

Consequently, 2.8 and 2.4 h of the best data are available for
the EoR0 and the EoR1 fields, respectively. The integrated gridded
visibilities are separated into three groups with respect to frequency:
75–88 MHz, 81–94 MHz, and 89–101 MHz. These separated
visibility boxes are used for the power spectrum estimation at each
redshift.

Fig. 16 shows the 2D power spectrum of the best data sets for the
E–W polarization. The EoR0 field is better than the EoR1 field in
the EoR window. Since the difference is prominent at higher k‖, this
indicates there is additional spectrally non-smooth contamination for
the EoR1 field. This may be due to contamination from residuals of
subtracted bright sources, as has been found for the EoR1 field at
higher frequencies (Rahimi et al., in preparation).

Fig. 17 shows the measured 1D power spectrum for each frequency
group. The EoR0 for E–W polarization has the lowest power
spectrum at k = 0.1 h Mpc−1. Due to the Galactic plane, the power
spectrum of EoR0 for N–S polarization is larger than the E–W
polarization. Note that the power spectrum is reduced by a factor
of 1.15 at k < 0.07 h Mpc−1 if we omit the data of −1 pointing for
the EoR0 field. The power spectrum of EoR1 is roughly 3 times larger
than the EoR0 at k ∼ 0.1 h Mpc−1 and at z = 16.5. In Table 4, we
summarize the best 2σ upper limits for each field and polarization.

We finally address the possibility of signal loss. DD calibration
can lead significant signal loss at short baselines if Galactic diffuse

emission is not included in the calibration model (e.g. Patil et al.
2016). One way to mitigate the signal loss is the exclusion of
short baselines from the calibration although this cut can cause an
enhancement in noise. We emphasize that the signal loss due to
DD calibration should not affect our final upper limits because the
DD Jones matrix calibration is not used. Furthermore, as shown in
Section 3.3.2, the upper limits are enhanced as increasing the number
of DD calibration sources. Thus, the signal loss associated with DD
calibration is trivial in our final limits. On the other hand, however,
the result of DI calibration applied to our final result can depend
on the threshold wavelength as short baselines less than 20 λ and
40 λ are excluded and tapered in the DI calibration. To investigate
this issue, we compare the angular power spectrum by varying the
threshold value using 10 snapshots. Following (e.g. Patil et al. 2016),
we exclude baselines shorter than 200 λ, and then the angular power
spectrum at |u| < 200 shows an enhancement of less than 10 per cent
for the EoR0 field. Further signal loss may not exist because the
value does not change for higher threshold values. For the EoR1
field, on the other hand, we find roughly 5 per cent reduction in
the angular power spectrum with high threshold wavelength at u
< 50. The reduction might indicate a bias due to the error of the
calibration catalogue because significantly bright sources dominate
the diffuse emission even at u = 10 in the EoR1 field. It should be
mentioned that because the sensitivity decreases when increasing the
minimum baseline length, the antenna gain results have larger errors
and become more susceptible to the systematics on long baselines,
and hence it is hard to tell if the bias is due to signal loss or
other systematic errors. For more concrete analysis, an end-to-end
simulation including diffuse emission is required to probe it. Building
such a large simulation is beyond the scope of this paper. Thus, we
only caution there are a few per cent of signal loss on our upper
limits.

5 D I S C U S S I O N A N D C O N C L U S I O N

By analysing 15 h of MWA Phase I ultralow data, we have
investigated and mitigated against several systematic errors that
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Figure 17. Measured power spectrum of the best clean data sets for each redshift. The solid, dashed, dot–dashed and dotted lines are the EoR0 for E–W
polarization, EoR0 N–S, EoR1 E–W and EoR1 N–S respectively. Thick lines show 2σ thermal uncertainties.

Table 4. 2σ upper limits on the amplitude of the 21 cm signal in units of mK2 for each EoR field,
polarization and redshift. The result of DI calibration is used, and the RTS setting for the limit is
listed in Table 3. There is a possibility of a few per cent of signal loss due to DI calibration for the
EoR0 field.

k ( h Mpc−1) Redshift EoR0 E–W EoR0 N–S EoR1 E–W EoR1 N–S

9.7e-02 z = 16.5 (15.2 < z < 17.9) 1.5e + 07 6.0e + 07 3.4e + 07 4.0e + 07
1.3e-01 z = 16.5 (15.2 < z < 17.9) 1.3e + 07 2.7e + 07 4.4e + 07 5.0e + 07
1.0e-01 z = 15.2 (14.1 < z < 16.4) 1.0e + 07 9.9e + 07 2.0e + 07 2.7e + 07
1.4e-01 z = 15.2 (14.1 < z < 16.4) 6.3e + 06 3.0e + 07 2.1e + 07 2.4e + 07
1.0e-01 z = 14.2 (13.1 < z < 15.2) 1.0e + 07 2.5e + 07 1.7e + 07 1.3e + 07
1.4e-01 z = 14.2 (13.1< z < 15.2) 1.0e + 07 1.4e + 07 3.4e + 07 1.2e + 07

dominate at these lower frequencies. Our findings can be summarized
as follows: (i) While only 0.5 per cent of the lower bands (75–
85 MHz) are contaminated by the RFI, the FM radio occupies
more than 10 per cent of data at many fine channels. (ii) Since
the ionospheric effect becomes stronger with ν−2, the ionosphere
makes modelling errors in the DI calibration. Updating the calibration
model reduces the systematics, but further implementation will be
required to remove the error completely. (iii) Due to the wide field
of view, a calibration model has to include radio sources within a
radius of 60 deg from pointing centre. (iv) Because the primary
beam side lobe overlaps the Galactic plane for the EoR0, the
power spectrum of N–S polarization shows prominent Galactic plane
contamination at the horizon limit of the foreground wedge. (v) The
DD calibration leaves spectrally non-smooth residuals after the point
source subtraction as shown in Section 3.3.2 and therefore we used
zero DD calibrators and the residual contamination is mitigated in
the EoR window.

Based on the above jackknife analysis, we optimize the calibration
of the RTS and remove systematic polluted data using thresholds
on the RFI occupancy and ionosphere condition. We could use
roughly 35 per cent of all data as clean data sets. By calculating
the two dimensional power spectrum using the clean data, we
find the EoR window of EoR1 is highly contaminated compared
to the EoR0. The source of difference is not revealed but the
two brightest sources (Fornax A and Pictor A) might contaminate
the spectral fluctuation. For the spherical averaged 1 dimensional
power spectrum, the systematics dominated best upper limits of
roughly 107 mK2 is obtained for the EoR0 and for the E–W
polarization at 13 < z < 18 with a possibility of signal loss of a
few per cent.

We mention here that the evolution of 21 cm signal along line
of sight within the band width which is called the light-cone effect.
Ignoring this effect can bias the cosmological power spectrum by a
factor of 2 at the cosmic dawn (z ≈18) with the redshift range #z of
2.5 (Ghara, Datta & Choudhury 2015; Greig & Mesinger 2018). The
effect is important at timing of a rapid evolution which may have
happened at around z = 18 as indicated by the strong absorption in
Bowman et al. (2018). Thus, power spectrum analysies at these low
frequencies need to address this effect.

In Section 4, we calculated the power spectrum using gridded
visibility data with bandwidth of 12.8 MHz. This frequency range is
wider than that in Eastwood et al. (2019), they used only 2.6 MHz.
Since we apply Blackman–Nuttall window (e.g. equation (17) in
Thyagarajan et al. 2013), the effective bandwidth becomes roughly
4.65 MHz. Due to down weighting at the edges of the 12.8 MHz
band, the effective redshift range is narrowed as well. While the
exact redshift range is not clear due to the taper, it should be #z ≈
1.0 at z = 16.6.

As an experiment, we calculated power spectrum using gridded
visibility with frequency range from 78.1 MHz to 84.5 MHz. The
bandwidth of 6.4 MHz should correspond to #z ≈ 0.5 at z =
16.6. Fig. 18 shows that the power spectrum with bandwidth of
6.4 MHz is 10 times larger than 12.8 MHz. Since band width
becomes half, the resolution in k‖ becomes worse, and the coarse
band channel harmonics cannot be well separated each other. Since
the enhancement seems more drastic compared to the light-cone
effect, we provided the upper limits with wider bandwidth.

The DD effect on the direction to sources omitted from DD
calibrator should be solved. When we peel such sources, ionospheric
effect is corrected and the amplitude of model is just scaled by a factor
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The Cosmic Dawn, the holy grail 

of 21cm Cosmology 
The endless quest  ?

MIST @ M.A.R.S

R. Monsalves

https://www.britannica.com/topic/Grail


The	SKA	will	detect	the	power	spectrum	of	
these	fluctuations	with	very	high	signal	to	noise

Kaur,	Gillet,	AM	(2020)

1D	power	spectrum	from	“fiducial	model” S/N	from	a	1000h	SKA-low	observation

SKA-lowAndrei Meisinger 



VAO features on 21 cm power spectrum
-- a standard ruler at Cosmic Dawn

Munoz et al. 2022

See also: Dalal+10, Visbal+12, Fialkov+12, McQuinn+12
Munoz 19, Park+19, Cain+20, Sarkar+22 Zhang et al. 2024ApJ...964...62Z

(arXiv:2401.14234)Yidong Xu

E. Kovetz / S. Libanore

The bright future of 
LIM

Promises only bind those who 
believe them !



❖ IM cross correlation signal with single dish instrument (Parkes, GBT, 
FAST …) - L. Wolz

❖ Progress on purpose designed , built or under construction instruments 
for IM : Tianlai, HIRAX, BINGO 

❖ Analysis challenges 

❖  Calibration - R. Byrne ( Sky based / Redundant / Unified scheme)

❖ Component separation / foreground subtraction - I. Carucci - 
Several blind separation methods, PCA still efficient compared to 
other methods - Promises of ML / NN ?

❖ S. Cunnington : Follow the Cross-correlations.  They will guide 
you out of the maze 

Summary

I Intensity Mapping is a low-cost alternative to conventional
galaxy surveys, with independent systematic errors, and is well
worth pursuing

I The lack of direct link between redshift and radial distance is
both a curse and a blessing. There is more to explore than
simply the BAO scale. In principle, there are a number of
cross-checks and redundancies in the data.

I It will be exciting to see to what extent the full dream of
learning about the dark energy through intensity mapping will
be realized.

M. Bucher



Isabella P. Carucci23rd July 2024 23

Summary
• Contaminants removal in HI IM: need 

to characterise the instrument, model 
systematics, and optimise BSS 
methods 

• By detecting (again) the cross-signal 
with the WiggleZ galaxies, we tested 
BSS steps  

• PCA is still our best friend  

• We are seeing that separating scales 
for the cleaning (multiscale cleaning)  
is more efficient 

• Will this –together with many other 
improvements– allow us to go after an 
independent detection?

Getting ready for the SKAO HI IM science

Challenges:
•“mode-mixing” breaks the smoothing and prevents 

foreground removal  

•PSF deconvolution  — an ill-posed inverse problem; 
achieving the desired precision of 1 in 10,000 is not 
feasible

Solution: other way around?

Counterintuitive approach: 
✓ reconvolution rather than deconvolution  

Reduction of mode mixing: suppressing high-  modes 
that vary significantly with frequency, which dominate 
the effect of mode mixing.

!⊥

PSF PSF⊗ PSF

I. Carucci

Le Zhang

Calibration
Calibration

Calibration

R. Byrne



HI intensity mapping with SKA/MeerKAT
• Need to use single dish data (auto-correlations from 

each) in order to probe large scales (baselines not 

short enough) 

• New observing mode for SKA/MeerKAT

• Low angular resolution but extremely high survey 

speeds! 

• Can probe Baryon Acoustic Oscillations (scales ~ 

100 Mpc/h, ~ 2 degrees, ~ 20 MHz) 

• Great to probe ultra large scales

Bull et al. (2015)

Santos et al. (2015)

• Interferometric data can assist in modelling instrument effects 
(such as 2D beam patterns)

• Interferometric gain and single-dish gain are correlated
• Interferometric data helps in foreground source investigation

MeerKLASS



Challenges

MeerKAT 1/f noise analysis - gain fluctuations 

Li et al., 2021, MNRAS;
Irfan et al., 2024, MNRAS 

• Noise is correlated in time 
• Important to have fast scanning mode 
• We can clean it as a foreground 

-> time scale of 100s of seconds

Can instead make a detection with 
cross-correlations

•Positive correlation (7.7σ) between galaxy survey 
and array of dishes in single-dish mode


•The first detection of its kind


• Important milestone for doing LSS cosmology 
with SKA intensity mapping

Steve Cunnington [steven.cunnington@manchester.ac.uk]SC+2023 [arXiv:2206.01579 ]

Cunnington,Li+23 [arXiv:2206.01579]

Wang+22 [arXiv:2011.13789]

J. Wang. / M. Spinelli

S. Cunnington



The first MeerKAT Hi mass function 7

Figure 3. The HI mass function of the MIGHTEE Early Science data is shown with the blue points. The best-fitting relation based
on the 1/Vmax method is shown with the blue dashed line.The best-fitting relation based on the MML method is shown with the green
dashed line. The ALFALFA 100 HIMF from Jones et al. (2018) is shown with the black line. The HIMF measured from BUDHIES (Gogate
2022) at z = 0.2 is shown with the orange line, and the HIMF from AUDS (Xi et al. 2021) at z = 0.16 is shown with the red line. The
histogram in the bottom panel shows the distribution of Hi mass in the MIGHTEE data. The vertical dashed line indicates the mass limit
below which the data points were discarded prior to the fit (see Section 4.1). The 1-� uncertainty of the 1/Vmax fit, sampled from the
Multinest posteriors (Figure 4) is shown with the blue shaded area. The 1-� uncertainty of the MML fit sampled from 103 bootstrap
iterations is shown with the green shaded area.

the data. Moreover, it attempts to account for the effects of
LSS (or sample variance) by using the distance distribution
of the data to model the mean density of the survey volume
at comoving distance r relative to the mean density of the
Universe (Baldry et al. 2012; Wright et al. 2017).

For our study we use the R-implementation of the MML
(dftools) described in detail in Obreschkow et al. (2018).
For the fit we provide our 1/Vmax values with their associ-
ated uncertainties, as well as the distances to our galaxies. To
determine the asymmetric uncertainties of the fit we use 1000
bootstrap iterations with a fixed seed for the random num-
ber generator(Obreschkow et al. 2018). The results of this
method in comparison to 1/Vmax are presented in Section 5,
together with comparisons to the literature.

5 RESULTS

5.1 The MIGHTEE HIMF over 0 < z  0.084

Figure 3 shows the HIMF measured using the MIGHTEE
Early Science data together with the best-fitting Schechter
function obtained using 1/Vmax method (blue line) and MML
method (green line), along with the Hi mass distribution of
the sample. The best-fitting parameters (�?, M? and ↵) for

both measurements of the Schechter function parametrisa-
tion for MIGHTEE and other surveys used for comparison
are presented in Table 2. The posterior distributions for the
Schechter function parameters obtained for 1/Vmax method
are shown in Figure 4.

Overall, the HIMF is very well fit by the Schechter function
in both cases, and the results of the two different methods
are consistent within the uncertainties. The MML method
presents much smaller uncertainties on the parameters since
it accounts for the effects of the LSS with an implicit cal-
culation based on the mean galaxy number density. In con-
trast, for the 1/Vmax method we account for cosmic variance
in the error budget of the binned points. For both methods
reduced �

2 ⇡ 1. The results from both methods are also con-
sistent, within the uncertainties, with the results from AL-
FALFA 100, AUDS and BUDHIES (Figure 3).

When comparing the HIMFs from different surveys, sam-
ples and redshifts, the most important comparisons arise from
the characterisation of the low-mass slope (↵) and the ‘knee’
mass (M?) since they describe the overall shape of the HIMF.
For example, using ALFALFA 100 Jones et al. (2018) found
the low-mass slope to be significantly flatter in the Fall sky
than in the Spring sky due to the Virgo cluster, suggesting
that ↵ is sensitive to the environment. Using AUDS, Xi et al.
(2021) found a very similar low-mass slope to ALFALFA 100,

MNRAS 000, 1–?? (2023)
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HI intensity mapping with the MIGHTEE survey: power

spectrum estimates
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Department of Physics and Astronomy, University of the Western Cape, Robert Sobukhwe Road, Bellville, 7535, South Africa

16 April 2021

ABSTRACT
Intensity mapping (IM) with neutral hydrogen is a promising avenue to probe the
large scale structure of the Universe. In this paper, we demonstrate that using the
64-dish MeerKAT radio telescope as a connected interferometer, it is possible to make
a statistical detection of HI in the post-reionization Universe. With the MIGHTEE
(MeerKAT International GHz Tiered Extragalactic Exploration) survey project ob-
serving in the L-band (856 < ⌫ < 1712 MHz, z < 0.66), we can achieve the required
sensitivity to measure the HI IM power spectrum on quasi-linear scales, which will
provide an important complementarity to the single-dish IM MeerKAT observations.
We present a purpose-built simulation pipeline that emulates the MIGHTEE obser-
vations and forecast the constraints that can be achieved on the HI power spectrum
at z = 0.27 for k > 0.3 Mpc�1 using the foreground avoidance method. We present
the power spectrum estimates with the current simulation on the COSMOS field that
includes contributions from HI, noise and point source models constructed from the
observed MIGHTEE data. The results from our visibility based pipeline are in qual-
itative agreement to the already available MIGHTEE data. This paper demonstrates
that MeerKAT can achieve very high sensitivity to detect HI with the full MIGHTEE
survey on quasi-linear scales (signal-to-noise ratio > 7 at k = 0.49 Mpc�1) which are
instrumental in probing cosmological quantities such as the spectral index of fluctua-
tion, constraints on warm dark matter, the quasi-linear redshift space distortions and
the measurement of the HI content of the Universe up to z ⇠ 0.5.

Key words: cosmology: observations — large-scale structure of Universe — tech-
niques: interferometric — radio lines: galaxies

1 INTRODUCTION

The spatial distribution of matter in the large scale structure
of the Universe imprints intriguing details of many funda-
mental quantities imperative to our understanding of the
Universe. However, this matter distribution is not directly
observable to us and tracers such as galaxies are needed to

? sourabh.paul@gmail.com

map the cosmic web. On large scales where perturbations
are small, the clustering properties of the tracers follow the
fluctuations of the underlying matter field. Large galaxy sur-
veys such as the Sloan Digital Sky Survey (SDSS, York et al.
2000) have mapped large areas of the sky at low-redshift
and aided measurements of the cosmological baryon acoustic
oscillation signal (BAO, Eisenstein et al. 2005). In particu-
lar, the anisotropic galaxy clustering measurements have put
constraints on various cosmological parameters (Reid et al.

© 0000 The Authors
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Space: The final frontier 
These are the voyages of the 
Starship, Enterprise 
Its 5 year mission 
To explore strange new 
worlds 
To seek out new life and new 
civilizations 
To boldly go where no man 
has gone before
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Thank You 
Special thanks to all the local organisers :
Haijun Tian, Juyong Zhang, Zhiping Chen
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Yixi Tao, Weinan Ma, …

Thanks to the International Program 
committee with P. Timbie as the co-chair
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