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Observing the universe with radio and optical galaxy surveys

MeerKAT and the SKA

LSST Euclid satellite
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neutral hydrogen 21cm emission line 



Galaxies Intensity map

[Simulated maps by S. Cunnington]

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

RADIO pRECISION COSMOLOGY: THE INTENSITY MAPPING METHOD

the telescope 
beam 

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



[e.g. SKA1-MID x Euclid]

HI AUTO AND CROSS POWER SPECTRUM
•With intensity mapping we can constrain HI and cosmological parameters



Precision cosmology with 21cm intensity mapping
•A “single-dish” experiment can measure the power spectrum 
competitively to state-of-the art optical galaxy surveys

[Battye, AP et al. 2013]

[also see e.g. Chang et al 2008, Bull et al. 2015, Villaescusa-Navarro et al. 2016, …]



MEASURING THE GROWTH OF STRUCTURE

[SKA cosmology Red Book 2018]

current constraints

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



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



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

[SKA cosmology Red Book 2018]



SIMULATING 21cm observations
work with S. Cunnington (QMUL)

• We are also working on putting HI on Euclid’s state-of-the-art 
Flagship simulation!



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

The foreground contamination problem

(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



21CM FOREGROUNDS Cunnington, AP, Harrison, Wolz, Bacon 2018 & 2019

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



Cunnington et al. (2018 and 2019)

14 S.Cunnington et al.

Figure 13. Complement to Figure 12 where we are now selecting galaxies based on their photometric redshift estimates. The pink

shaded regions show the range in photometric redshift which galaxies are selected from. The orange line shows the distribution of these

chosen galaxies according to their LSST-like photometric redshift. The black-dashed line shows the true distribution, and the blue points

show our H i clustering redshift estimate. This was done using the A
2
A catalogue adapted to include H i emission information using

equation (30). Given the small sky area, intensity map resolution was set to ✓beam = 1
0
.

field, rendering it computationally inexpensive. This com-
putational e�ciency, coupled with the fact that intensity
mapping will be a much faster probe compared to a spec-
troscopic survey, means that the method we have presented
is a rapid option for constraining the redshift distribution
for a large population of galaxies. Next generation surveys
are promising to provide larger galaxy catalogues than ever,
meaning that fast options for redshift constraints are likely
to be in demand.

Given that experiments such as HIRAX, MeerKAT and
the SKA have plans to operate as intensity mapping exper-
iments in the near future, and CHIME is already taking
data, a H i clustering redshift method has particular rele-
vance for stage-IV optical surveys such as Euclid and LSST,
which will all run at similar times. While surveys such as
Euclid are planning to run their own spectroscopic experi-
ments, these are time-consuming, and LSST will be purely
photometric, so in each case HI intensity mapping clustering
redshifts are likely to be useful. Euclid and LSST redshift
ranges are accessible to planned intensity mapping surveys
such as CHIME, HIRAX, MeerKAT and the SKA and the
sky overlap between many of these optical and radio sur-

veys is excellent too. Our results from Section 4.3.1 suggest
that intensity mapping, even with the poor angular reso-
lution that single-dish experiments are anticipated to have,
can provide helpful redshift constraints on optical popula-
tions. It is also likely that these particular results are pes-
simistic since the intensity mapping experiments will most
likely cover a larger sky area than that in the MICE simula-
tion we used. Furthermore, in future the limit on halo mass
resolution in simulations will decrease, emulating realistic
HI intensity maps which include more faint galaxies, thus
boosting the precision of the cross-correlations.

We have discussed the issue of modelling the linear bias,
which is a problem that is inherent in all clustering redshift
methods. We have made it clear that our idealistic approach
of measuring the bias in our simulations would be di�cult
in reality; however, utilising cross-correlations with lensing
data is one possible way to tackle this issue.

We also discussed some of the e↵ects of foreground
cleaning necessary for H i intensity maps to undergo. In the
context of a clustering redshift method, the largest problem
this poses is that a foreground clean on intensity mapping
data a↵ects large radial modes where the foregrounds are

c� 2018 RAS, MNRAS 463, 1–16

RADIO-OPTICAL SYNERGIES: PHOTOMETRIC REDSHIFT CALIBRATION
•Using our simulations we showed that 21cm intensity maps can be used 
for photo-z calibration. This could be very useful for LSST and Euclid. 
[more in Steve’s talk later]



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



• Systematic effects are a big challenge for 21cm intensity mapping   

• GBT x WiggleZ 2013 showed that cross-correlating with optical can 
mitigate this! 

• 2dF x Parkes detection last year.

GBT

PATHFINDER DATA ANALYSIS

h�THI�gi



SYSTEMATICS MITIGATION

•Survey specific systematics should drop out in cross correlation 

•Example: the cosmic shear case

w0

w
a

[SC, Harrison, Bonaldi & Brown, 2016]
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Synergies vs Systematics 
The case for radio-optical cosmic shear

Stefano Camera                    Fundamental Cosmology with SKA Synergies                  Mauritius, 2 · v · 2017

Full SKA 
Euclid 
Full SKA ✕ Euclid

SKA weak lensing III: mitigating systematics 4751

Figure 3. Marginal joint 1σ error contours in the dark energy equation-of-state parameter plane. The black cross indicates the "CDM fiducial values for dark
energy parameters, namely {w0, wa} = {−1, 0}. Blue, red and green ellipses are for radio and optical/near-IR surveys and their cross-correlation, respectively.
The left-hand (right-hand) panel is for Stage III(IV) DETF cosmic shear surveys. Dashed, dot–dashed and dotted contours refer to amplitudes of the residual
systematic power spectrum with variance σ 2

sys = 10−7, 10−6 and 5 × 10−5, respectively. All contours but those for the cross-correlation are biased (i.e. they
are not centred on the black cross) due to the presence of residual, additive experimental systematics (Section 3.1).

previous case of residual (or additive) systematics. First, a calibra-
tion error term will be also present in the cross-correlation power
spectrum. This is because this multiplicative systematic term, be-
ing attached to the cosmological signal in the fashion of an overall
amplitude, will not cancel out when correlating data sets obtained
in different bands of the electromagnetic spectrum – opposite to
what will happen for the residual (additive) systematic effect dis-
cussed in Section 3.1. Secondly, such a term will most likely present
a redshift-bin dependence, inherited from γ mul(z). Nevertheless, it
is important to emphasize that the multiplicative calibration er-
ror γ mul(z) will be different for radio and optical/near-IR, and the
cross-correlation of the measurements will bear a combination of
the two. Therefore, in the worst case scenario where the calibration
error is so severe as to seriously threaten the precision of parame-
ter estimation, the confidence regions for radio or optical/near-IR
autocorrelations (shown for instance in Fig. 3) will be scattered
around the parameter space with no apparent correlation, whereas
the cross-correlation of the two will contain information on both
calibration errors. Hence, an a posteriori reconstruction can be per-
formed, where we could iteratively try to remove two multiplicative
systematic effects, i.e. for radio and optical/near-IR data, by using
three variables, namely the two autocorrelation cosmic shear power
spectra and their cross-correlation.

To illustrate this, we generate 20 random calibration errors
γ mul

X,i , 10 for the 10 radio redshift bins and 10 for the 10
optical/near-IR bins, (uniformly) randomly picked in the range
0 per cent, 10 per cent. By doing so, we construct a matrix M, with
entries

Mij = Amul

(
γ mul

Xi
+ γ mul

Yj

)
, (11)

Figure 4. Same as the right-hand panels of Fig. 3, but for calibration errors
(Section 3.2). Note that, in this case, the contours obtained via the cross-
correlation of DES and SKA1 too is biased. Conversely, the self-calibrated
combination of all auto- and cross-correlations, with the inclusion of nui-
sance parameters for calibration errors, is not (black ellipse).

and overall amplitude parameter Amul, which we marginalize over.
This matrix multiplies the cosmic shear tomographic matrix CXY

ℓ .
The results are presented in Fig. 4, where, as opposed to Fig. 3, the
green ellipse of the cross-correlation of radio and optical/near-IR

MNRAS 464, 4747–4760 (2017)

[Camera, Harrison, Bonaldi & Brown 2016]



GBT

GBT X EBOSS DATa analysis (sdss-iv project)
In progress with Wolz, Bautista, Chang, Masui, Avila, Berger, Cunnington, 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 the systematics better


