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Gaps in the cosmic history

SDSS galaxy surveyPlanck satellite

SDSS: Sloan 
Digital Sky 
Survey

Image Credit: NAOJ



THE FUTURE

MeerKAT and the SKA

LSST Euclid satellite

Image Credit: NAOJ
DESI

neutral hydrogen 21cm emission line 



• Series of radio telescopes, very sensitive 
to a wide range of frequencies (redshifts)  

• SKA Phase 1: 2028+ 

• MeerKAT live now! 

MeerKAT/SKA-Mid will 
complement and compete with 
optical galaxy surveys (0<z<3) 

SKA-Low will explore the 
unknown (3<z<25) based on 
lessons from LOFAR, MWA, 
HERA…

THE SQUARE KILOMETRE ARRAY (SKA)

MeerKAT



SKA SCIENCE

SKA Office / A. Bonaldi



SKA cosmology



MEERKAT FIRST LIGHT

From The Guardian, 17 July 2016



RADIO VS OPTICAL: GALAXIES

https://www.skatelescope.org/galaxyevolution/

• HI in galaxies more extended than the stellar light distribution 

• HI disk much larger than the stellar disk 

• HI velocity fields can be used to calculate rotation curves and trace 
the total mass distribution to very large radii 



galaxies

IM map

[Simulations by S. Cunnington]

21cm IM surveys: GBT, CHIME, HIRAX, MeerKAT, SKA!

[Battye et al 2004, Chang et al 2008, Peterson et al 2009, Seo et al 2010, …]

RADIO pRECISION COSMOLOGY: THE INTENSITY MAPPING METHOD

GOALS: Probe HI evolution, dark energy, gravity, inflation, …

the telescope 
beam 

• Detecting HI (neutral hydrogen) galaxies via 
their 21cm emission line is very expensive  

• But cosmological information is on large scales  

• Get intensity map of the HI 21cm emission line 
- like CMB but 3D! 

• Excellent redshift resolution  

• Signal of the order 0.1 mK – foregrounds much 
bigger 

• Foregrounds can be cleaned with methods 
similar to the ones used in CMB analysis



GBT

• HI evolution is currently quite poorly constrained… 

• Important for astrophysics and cosmology alike!

[c.f. Crighton et al 2015]

INTENSITY MAPPING AND GALAXY EVOLUTION



[e.g. SKA1-MID x Euclid]

HI AUTO AND CROSS POWER SPECTRUM
• With 21cm intensity mapping we can constrain the HI abundance 

and bias using the power spectrum



GALAXY EVOLUTION

•Can greatly improve HI constraints with intensity mapping 

•Cross-correlation with optical surveys helps with 
systematics and allows for studying the HI content of 
different galaxy samples

MeerKAT/SKA-MID SKA-LOW •Also precision cosmology: 
BAO, RSDs, primordial non-
gaussianity, neutrino mass,  
multiple tracers, lensing…[see 
SKA Cosmology Red Book 2018 
and references therein][SKA cosmology Red Book 2018]



Measuring the bao scale
•A “single-dish” experiment can measure the BAO scale competitively to state-
of-the art optical galaxy surveys 

•Forecasts are great but assume foregrounds and systematics are under exquisite 
control - we need to work with pathfinder data and realistic simulations

[Battye, AP et al. 2013]

[also see e.g. Bull et al. 2015, Villaescusa-Navarro et al. 2016, Olivari et al. 2017]



MEASURING THE GROWTH OF STRUCTURE

[SKA cosmology Red Book 2018]

current constraints



Difficulties
21cm signal is very weak
Foregrounds are a big 
problem!

FORECASTS VS REALITY

(i) Galactic synchrotron - relativistic cosmic ray 
electrons accelerated by the galactic magnetic field 

(ii) Extra-galactic point sources - objects beyond our 
own galaxy emitting signals close to 21cm signal 

(iii) Extra-galactic free-free emission - free electrons 
scattering off ions without being captured and 
remaining free after the interaction 

(iv) Galactic free-free emission - as above but within 
our own galaxy

Slide by Steve Cunnington 



21CM FOREGROUNDS Cunnington, Wolz, AP, Bacon 2018

Also see work by e.g. Alonso et al., Chapman et al., Shaw et al., Wolz et al.



INTENSITY MAPPING:CURRENTLY Operating TELESCOPES

CHIME

MeerKAT

GBT

North, whole sky, 0.8<z<2.5
First detection in x-cross with optical

Survey at 0<z<0.6



THE EDGES DETECTION

CHIME

MeerKAT

GBT

[Spinelli et al. 2019]

Differences in amplitude & shape 



CHIME

MeerKAT

GBT

[Adapted slide from S. Cunnington]

THE AFTERMATH…



GBT

THE GBT AUTO POWER SPECTRUM

4 E. R. Switzer, K. W. Masui, et al.

Figure 1. Temperature scales in our 21 cm intensity mapping survey. The
top curve is the power spectrum of the input deep field with no cleaning ap-
plied (the wide field is similar). Throughout, the deep field results are green
and the wide field results are blue. The dotted and dash-dotted lines show
thermal noise in the maps. The power spectra avoid noise bias by crossing
two maps made with separate datasets. Nevertheless, thermal noise limits
the fidelity with which the foreground modes can be estimated and removed.
The points below show the power spectrum of the deep and wide fields af-
ter the foreground cleaning described in Sec. 2.1. Negative values are shown
with thin lines and hollow markers. Any residual foregrounds will additively
bias the auto-power. The red dashed line shows the 21 cm signal expected
from the amplitude of the cross-power with the WiggleZ survey (for r = 1)
and based on simulations processed by the same pipeline.

3 RESULTS

The auto-power spectra presented in Figure 1 will be biased by
an unknown positive amplitude from residual foreground contam-
ination. These data can then be interpreted as an upper bound
on the neutral hydrogen fluctuation amplitude, ΩHIbHI. In addi-
tion, we have also measured the cross-correlation with the Wig-
gleZ Galaxy Survey (Masui et al. 2013). This finds ΩHIbHIr =
[0.43 ± 0.07(stat.) ± 0.04(sys.)] × 10−3, where r is the Wig-
gleZ galaxy-neutral hydrogen cross-correlation coefficient (taken
here to be independent of scale). Since |r| < 1 by definition and is
measured to be positive, the cross-correlation can be interpreted as
a lower bound on ΩHIbHI. In this section, we will develop a pos-
terior distribution for the 21 cm signal auto-power between these
two bounds, as a function of k. We will then combine these into a
posterior distribution on ΩHIbHI.

The probability of our measurements given the 21 cm signal
auto-power and foreground model parameters is

p(dk|θk) = p(dc|sk, r)p(ddeepk |sk, fdeep
k )p(dwide

k |sk, fwide
k ). (2)

Here, dk = {dc, ddeepk , dwide
k } contains our cross-power and

deep and wide field auto-power measurements, while θk =
{sk, r, fdeep

k , fwide
k } contains the 21 cm signal auto-power, cross-

correlation coefficient, and deep and wide field foreground con-
tamination powers, respectively. The cross-power variable dc rep-
resents the constraint on ΩHIbHIr from both fields and the range of
wavenumbers used in Masui et al. (2013). The band-powers ddeepk

and dwide
k are independently distributed following decorrelation of

finite-survey effects. We assume that the foregrounds are uncorre-

Figure 2. Comparison with the thermal noise limit. The dark and light
shaded regions are the 68% and 95% confidence intervals of the measured
21 cm fluctuation power. The dashed line shows the expected 21 cm signal
implied by the WiggleZ cross-correlation if r = 1. The solid line represents
the best upper 95% confidence level we could achieve given our error bars,
in the absence of foreground contamination. Note that the auto-correlation
measurements, which constrain the signal from above, are uncorrelated be-
tween k bins, while a single global fit to the cross-power (in Masui et al.
(2013)) is used to constrain the signal from below. Confidence intervals
do not include the systematic calibration uncertainty, which is 18% in this
space.

lated between k bins and fields, also. This is conservative because
knowledge of foreground correlations would yield a tighter con-
straint. We take p(dc|sk, r) to be normally distributed with mean
proportional to r√sk, and p(ddeepk |sk, fdeep

k ) to be normally dis-
tributed with mean sk + fdeep

k and errors determined in Sec 2.3
(and analogously for the wide field). Only the statistical uncertainty
is included in the width of the distributions, as the systematic cali-
bration uncertainty is perfectly correlated between cross- and auto-
power measurements and can be applied at the end of the analysis.

We apply Bayes’ Theorem to obtain the pos-
terior distribution for the parameters, p(θk|dk) ∝
p(dk|θk)p(sk)p(r)p(f

deep
k )p(fwide

k ). For the nuisance pa-
rameters, we adopt conservative priors. p(fdeep

k ) and p(fwide
k )

are taken to be flat over the range 0 < fk < ∞. Likewise, we
take p(r) to be constant over the range 0 < r < 1, which is
conservative given the theoretical bias toward r ≈ 1. Our goal is
to marginalize over these nuisance parameters to determine sk. We
choose the prior on sk, p(sk), to be flat, which translates into a
prior p(ΩHIbHI) ∝ ΩHIbHI. The data likelihood adds significant
information, so the outcome is robust to choices for the signal
prior. The signal posterior is

p(sk|dk) =

∫

p(sk, r, f
deep
k , fwide

k |dk) dr df
deep
k dfwide

k . (3)

This involves integrals of the form
∫ 1

0
p(dc|s, r)p(r) dr which,

given the flat priors that we have adopted, can generally be writ-
ten in terms of the cumulative distribution function of p(dc|s, r).
Figure 2 shows the allowed signal in each spectral k-bin.

Taking the analysis further, we combine band-powers into a
single constraint on ΩHIbHI. Following Masui et al. (2013), we
consider a conservative k range where errors are better estimated
(k > 0.12 h/Mpc, to avoid edge effects in the decorrelation op-
eration) and before uncertainties in nonlinear structure formation
become significant (k < 0.3 h/Mpc). Figure 3 shows the resulting
posterior distribution.

Our analysis yields ΩHIbHI = [0.62+0.23
−0.15 ] × 10−3 at 68%

confidence with 9% systematic calibration uncertainty. Note that

c⃝ 2013 RAS, MNRAS 000, 1–??

[see Switzer et al 2013, Wolz et al 2017]



GBT

GBT X EBOSS DATa analysis (sdss-iv project)
In progress with Wolz, Bautista, Cunnington, Avila, Berger, Chang, Liao, Masui, Mueller, et al. 

• GBT updated intensity mapping data at 0.6<z<1   

• eBOSS ELGs and LRGs samples (and WiggleZ) 

• Area overlap: 100 square degrees

The project builds 
upon the first 

pioneering 
detection: 

GBT x WiggleZ 
[Masui et al. 2013]

⌦HIbHIr = [0.43± 0.07(stat.)± 0.04(sys.)]⇥ 10�3



GBT

GBT X EBOSS DATa analysis (sdss-iv project)

• GBT updated intensity mapping data at 0.6<z<1   

• eBOSS ELGs and LRGs samples (and WiggleZ) 

• Area overlap: 100 square degrees

• Goal: estimate the HI content of 
eBOSS ELGs and LRGs via cross-
correlation with GBT HI intensity 
maps  

• Goal: constrain HI density and HI 
bias at z=0.8 

• Goal: compare different foreground 
removal methods 

• Goal: understand systematics better

In progress with Wolz, Bautista, Cunnington, Avila, Berger, Chang, Liao, Masui, Mueller, et al. 



STAY TUNED…

• We will present results for 3 different 
galaxy samples cross-correlated with 
GBT: WiggleZ, eBOSS LRGs, and 
eBOSS ELGs 

• We are working hard on cross-correlation 
simulations  

• We have 200 square degrees MeerKAT 
data overlapping with WiggleZ. At the 
moment busy with calibration [led by 
Mario Santos and the South African 
UWC MeerKAT team] 

• Future: a large sky survey with MeerKAT


