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Life 

We have only the most rudimentary ideas for what conditions are necessary and conducive to the 

formation of life. Even here modern astronomy has a key role to play, by finding and characterizing 

planets with the features that allow for life around stars other than the Sun. It will require study of 

individual planets by directly sensing their light to find the molecular signposts of habitability in the 

atmospheres and surfaces of these distant bodies.  

This last task, possible now for nearby giant planets, is exceedingly difficult for Earth-sized 

bodies, with disks 100 times smaller in area than Jupiter’s. The signature of water, together with a suitable 

orbit around a parent star, would tell us that the medium for life as we know it is likely present as a 

surface liquid; methane indicates that organic molecules (the structural building block of life) are present; 

oxygen with methane would indicate a state of extreme chemical “disequilibrium” that could likely not be 

maintained in the absence of life.  

The most promising signatures of life on planets around other stars are features in the 

atmospheric spectra of planets around other stars, such as the “red edge” arising from photosynthesis. 

Less definitive is molecular oxygen, which is locked up in oxidized surface minerals unless continually 

replenished either by life (as on Earth) or catastrophic loss of surface water followed by photolysis of 

H2O in the atmosphere (as on early Venus). The presence of both water and methane in a planetary 

atmosphere is a more reliable biosignature of water-based organic life than that of one or the other alone. 

A different approach is to look for signals produced by technologically advanced entities elsewhere in our 

galaxy. 

 

FRONTIERS OF KNOWLEDGE 

New!fundamental!physics,!chemistry,!and!biology!can!be!revealed!by!astronomical!

measurements,!experiments,!or!theory!and!hence!push!the!frontiers!of!human!

knowledge.!

!

Science!frontier!questions!in!this!category!are:!

" Why!is!the!universe!accelerating?!

" What!is!dark!matter?!!

" What!are!the!properties!of!the!neutrinos?!

" What!controls!the!masses,!spins!and!radii!of!compact!stellar!remnants?!

 

One of the key insights of the past few centuries was the recognition that the same scientific laws 

that govern the behavior of matter and energy on Earth also govern the behavior of the cosmos: planets, 

stars, galaxies, and the entire universe. Newton inferred that the same physical forces causing apples to 

fall to Earth also govern the motions of the Moon around Earth and the planets around the Sun.  One 

hundred and fifty years later it was discovered that chemical elements introduced into laboratory flames 

produced a unique set of spectral lines, and since many of these lines also appeared in the solar spectrum, 

it was concluded that the Sun was made of the same chemical elements as found on Earth, or as in the 

case of helium, a new one waiting to be discovered. Astronomers feel confident in using the universe as a 

laboratory to explore natural phenomena that are inaccessible to Earth-based labs.  The study of how the 

universe and its constituent objects and phenomena work continues to yield unique insight into 

fundamental science. 

 New Worlds, New Horizons -  Astro 2010 decadal survey
https://nap.nationalacademies.org/catalog/12951/new-worlds-new-horizons-in-astronomy-and-astrophysics

A number of large projects were imagined, mostly as optical 
surveys, and many of them are / will soon be / a reality

Cosmology beyond ΛCDM

➡ DES (2013 - 2019)
➡ BOSS, eBOSS (2009 - 2019
➡ DESI  (2020 - …)
➡ Euclid ( 2023 - … )
➡ Rubin/LSST (2024)

…  

SKA-I : 2027 - …

https://nap.nationalacademies.org/catalog/12951/new-worlds-new-horizons-in-astronomy-and-astrophysics


Few cosmological questions and probes
(i) Inflation : CMB , Non Gaussianities …

(ii)  Flat or not flat , Curvature Ωk   : Expansion history ( CMB, SNIa , BAO's ...) 

(iii) Cosmological constant or dark energy , DE eq. of state p/ρ = w0 + (1-a) wa 

1. Map cosmic expansion history using standard candles : SNIa , gravitational sirenes (GW)…

2. Or using standard ruler probes : BAO 

3. Study structure growth : LSS (GC), WL, clusters, voids … 

(iv) Beyond GR / Modified gravity : study structure growth 

1. Structure growth : LSS (GC), WL, clusters, voids …

2. Redshift space distorsions (RSD)   

3. LSS (GC) broad band power spectrum shape 

(v) Dark matter, does it exist really ? What is its nature ?

1. Dark matter clustering properties (sky surveys)

2. DM indirect detection / direct detection   …  (gamma/x/radio surveys, direct detection)

(vi) Neutrinos  role and impact for structure formation : (GC) + WL + CMB 

(vii) H0 value : standard candles (SNIa , gravitational sirenes (GW)… ) 

L. Amendola et al. , Living Reviews in Relativity . 2018, arXiv:1606.00180

D. Weinberg et al. Phys.Rep. 2013, arXiv:1201.2434

https://arxiv.org/pdf/1606.00180.pdf
https://arxiv.org/abs/1201.2434


 A slice through the SDSS galaxy 3D 
distribution 

Zehavi et al. ApJ 2011, arXiv:1005.2413

❖ Supernovae (SN) 
❖ Galaxy Clusters (CL
❖ Weak lensing (WL)
❖ Galaxy clustering (LSS / GC)
❖ BAO → dA(z), H(z)
❖ Redshift space distorsions (RSD) 
❖ Void statistics 
❖ ISW (x CMB)
❖ Cosmic Dipole

…

Some major cosmological probes :

SKA

Structure formation and evolution :

a cosmological probe

R. Ansari -  May 2023

https://arxiv.org/abs/1005.2413


SKA-I configuration and surveys

Cosmology with HI galaxy redshift survey



SKA-mid dish (15 m)
133 x 15 m dishes + 64 MeerKAT 13.6 m 

dishes

https://indico.skatelescope.org/event/551/attachments/5836/8583/7._SKA1-Mid_Telescope_Design_-_Gerhard_Swart.pdf

60 km

SK
A

1-
M

id
 co

re
SK

A
1-

M
id

 fu
ll 

ar
ra

y

SKA-mid total collecting area ~ 30 000 m2

https://indico.skatelescope.org/event/551/attachments/5836/8583/7._SKA1-Mid_Telescope_Design_-_Gerhard_Swart.pdf


https://arxiv.org/pdf/1912.12699.pdf
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Table 3 Summary of anticipated imaging performance of SKA1 
 

Nominal Frequency 110 MHz 300 MHz 770 MHz 1.4 GHz 6.7 GHz 12.5 GHz 
Range [GHz] 0.05-0.35 0.05-0.35 0.35-1.05 0.95-1.76 4.6-8.5 8.3-15.3 
Telescope Low Low Mid Mid Mid Mid 
FoV [arcmin] 327 120 109 60 12.5 6.7 
Max. Resolution [arcsec] 11 4 0.7 0.4 0.08 0.04 
Max. Bandwdith [MHz] 300 300 700 810 3900 2 x 2500 

Cont. rms, 1 hr [µJy/beam]a 26 14 4.4 2 1.3 1.2 
 

Line rms, 1 hr [µJy/beam]b 1850 800 300 140 90 85 

Resolution Range for Cont. 
and Line rms [arcsec]c 

12–600 6–300 1–145 0.6–78 0.13–17 0.07–9 

Channel width (uniform 
resolution across max. 
bandwidth) [kHz] 

5.4 5.4 13.4 13.4 80.6 80.6 

Spectral zoom windows x 
narrowest bandwidth 
[MHz] 

4 x 3.9 4 x 3.9  4 x 3.1 4 x 3.1 4 x 3.1 4 x 3.1 

Finest zoom channel width 
[Hz] 

226 226 210 210 210 210 

a. Continuum sensitivity at Nominal Frequency, assuming fractional bandwidth of Dn/n = 0.3 
b. Line sensitivity at Nominal Frequency, assuming fractional bandwidth per channel of Dn/n = 10-4 (>10-6 will 
be possible) 
c. The sensitivity numbers apply to the range of beam sizes listed  
For more details refer to the sections below and Braun et al. 2017, “Anticipated SKA1 Science Performance” 
(SKA-TEL-SKO-0000818) 
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MeerKAT dishes, covering 350 MHz to at least 15 GHz, with baselines up to 150 km.  
SKA1-Low will consist of 131,072 log-period dipole antennas, grouped into 512 stations of 
size 35-40 m each containing 256 antennas, covering 50 to 350 MHz with baselines up to 65 
km.  The antennas in an SKA1-Low station work together to act in an analogous manner to a 
dish (Figure 2).    
 
The frequency coverage and bandwidth of the telescopes is listed in Table 1. While the 
frequency coverage of the Design Baseline for SKA1-Mid stops at 15.3 GHz, the dishes have 
an aperture efficiency specification for 20 GHz and as will be evident later in this document 
there is the expectation that good performance will be possible up to at least ~25 GHz for 
possible future expansion in frequency space.    
 
Table 1. Frequency coverage of SKA1 in the Design Baseline.  Bands listed in bold will be deployed as part of 
the funded Design Baselines.  While Bands 3 and 4 are part of the Design Baseline they are not funded at present. 
 

SKA1 Band Frequency Range Available Bandwidth 
Low 50 – 350 MHz 300 MHz 

Mid Band 1 0.35 – 1.05 GHz 700 MHz 

Mid Band 2 0.95 – 1.76 GHz 810 MHz 

Mid Band 3 1.65 – 3.05 GHz 1.4 GHz 

Mid Band 4 2.80 – 5.18 GHz 2.38 GHz 

Mid Band 5a 4.6 – 8.5 GHz 3.9 GHz 

Mid Band 5b 8.3 – 15.3 GHz 2 x 2.5 GHz 

 
 

 
Figure 1 SKA1-Mid Dish Concept.  The proposed dish for SKA is a 15.0-meter multi-panel dual shaped offset 
Gregorian antenna. The antenna reflector is configured with the feed arm, feed indexer and passive sub reflector 

Cosmology

0.35<z<3
0<z<0.35

Cosmo HI surveys

https://arxiv.org/pdf/1912.12699.pdf


https://arxiv.org/pdf/1912.12699.pdf

SKA1 single dish sensitivity Ae/Tsys
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The combined model for the sensitivity of a single SKA1 dish is illustrated in Figure 6. The 

sky temperature is based on the 10th percentile of the Galactic foreground brightness 

distribution and toward the zenith under dry conditions (PWV = 5mm) which should be 

available about 10% of the time at the SKA1-Mid site.  A table providing the values plotted 

in Figure 6 is included in Appendix A as Table 10. 

 

 
Figure 6. Current sensitivity model of a single SKA1 dish at elevations near zenith in a direction well away from 

the Galactic plane (the 10th percentile) and under dry conditions (PWV = 5 mm). Solid lines are used to indicate 

the bands that are part of the currently planned deployment. 
 

2.1.2 Sensitivity of a MeerKAT Dish 
 

A similar model to the one described above for the SKA dishes can be defined for the 

MeerKAT dishes. The feed and diffraction efficiencies are modelled as,  

 

hF = 0.80 – 0.04 | log10(nGHz) |  

and  

hD = 1 – 20 (l/D)3/2. 

 

The phase efficiency is calculated as before, but the RMS surface errors of the primary and 

secondary reflector surfaces are assumed to be, ep = 480 µm and es = 265 µm, to be consistent 

with a total surface accuracy of about 600 µm RMS (MeerKAT2016). We assume Tspl = 4 K 

and model Trcv as: 

 

Band UHF (0.58 – 1.02 GHz):  Trcv = 11 – 4.5 (nGHz – 0.58) K 

Band L (0.9 – 1.67 GHz):  Trcv = 7.5 + 6.8 (| nGHz – 1.65 |)3/2 K 

Band S (1.65 – 3.05 GHz):  Trcv = 7.5 K. 

 

This model has been calibrated against the on-sky L-Band measurements reported in 

MeerKAT2016. The UHF and S-Band models should be regarded as preliminary. 

 

Cosmo-Surveys
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Figure 7. (Left) Zenith Tsky at the ALMA site for PWV = 0.5, 2 and 5 mm contributions to the atmospheric 
emission and the 10th, 50th and 90th percentiles of the Galactic foreground brightness. Atmospheric emission is 
based on the ATM code (Pardo et al. 2001) as embedded in CASA. (Right) Zenith opacity at the ALMA site for 
PWV = 0.5, 2 and 5 mm contributions to the atmospheric emission.  
 

4 Sensitivity Comparison 
 
The sensitivity of the SKA is compared to various existing and planned facilities in Figure 8 
based on the values documented in Sections 2 and 3 above. 
 

 
Figure 8. Sensitivity comparison of some existing and planned facilities. For SKA, the feed systems that are not 
yet planned for deployment are indicated by the dot-dashed line. Dry conditions (PWV » 5 mm) are assumed for 
the SKA and VLA sites while the same PWV = 5 mm corresponds to poor conditions for the ALMA site.  

  

HI survey/IM
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5 Survey Speed Comparison 
 
The generic Survey Speed Figure of Merit, SSFOM (aka the survey speed), can be expressed 
as the product of sensitivity squared with the noise effective Field of View, 
 

SSFOM = SM2 FoVeff. 
 
The noise effective FoVeff is provided by the integral of the square of the normalised primary 
beam pattern. For the case of a dish with a 10 dB edge taper to the illumination pattern this is 
given approximately by 

FoVeff = 2340 (l/D)2 deg2, 
 

in terms of the observing wavelength, l, and dish diameter, D.  
 
For the case of a uniformly illuminated aperture (such as an aperture array that is beam-
formed for maximum sensitivity) one has instead,  
 

FoVeff = 1920 (l/D)2 deg2. 
 

The survey speed of the SKA is compared to various existing and planned facilities in Figure 
9 based on the sensitivity values documented in Sections 3 and 4 above, together with the 
dish or station diameters noted there. In those case where multiple dish diameters contribute 
to the array, only the largest is used in the calculation. The FoVeff for the special case of 
Phased Array Feeds (assumed in the SKA2 deployment) is described in SKAO-ST et al. 
(2016). 
 

 

 
Figure 9. Survey speed comparison of some existing and planned facilities. For SKA, the feed systems that are 
not yet planned for deployment are indicated by the dot-dashed line. Dry conditions (PWV » 5 mm) are assumed 
for the SKA and VLA sites while the same PWV = 5 mm corresponds to poor conditions for the ALMA site. 
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Cosmo. related SKA1 surveys
❖ Medium-Deep Band 2 (0.95-1.75 GHz) SKA1-Mid survey, 

covering 5000 deg2 with total 10 000 hours (few years) integ. 
time. Continuum Weak Lensing survey and HI galaxy redshift 
survey z ≲ 0.4 

❖ Wide Band 1 (0.35-1.05 GHz) SKA1-Mid survey, covering 20000 
deg2 with total 10 000 hours (few years) integ. time. Continuum 
galaxy survey, HI Intensity Mapping (IM) survey , 0.35 ≲ z ≲ 3 
redshift range

❖ Deep SKA1-Low survey - 100 deg2 with total 5 000 hours, 
200-350 MHz band , 3 ≲ z ≲ 6

Red Book 2018 - SKA Cosmology Science WG 

https://arxiv.org/abs/1811.02743

https://arxiv.org/abs/1811.02743


https://arxiv.org/abs/1412.4700
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Figure 2. H I galaxy redshift distribution, dN/dz, calculated from sim-
ulations (filled circles) and the corresponding fitting function, equation
(5). From top to bottom, the curves shown correspond to flux sensitivi-
ties Srms = (0, 1, 3, 5, 10, 23, 100, 200) µJy (colour-coded according to the
panel on the right).

Table 3. Best-fitting parameters for the number
density and bias fitting functions, equations (5) and
(7), for different flux limits. Srms is measured in µJy.

Srms c1 c2 c3 c4 c5

0.0 6.21 1.72 0.79 0.5874 0.3577
1.0 6.55 2.02 3.81 0.4968 0.7206
3.0 6.53 1.93 5.22 0.5302 0.7809
5.0 6.55 1.93 6.22 0.5504 0.8015
6.0 6.58 1.95 6.69 0.5466 0.8294
7.3 6.55 1.92 7.08 0.5623 0.8233
10 6.44 1.83 7.59 0.5928 0.8072
23 6.02 1.43 9.03 0.6069 0.8521
40 5.74 1.22 10.58 0.6280 0.8442
70 5.62 1.11 13.03 0.6094 0.9293

100 5.63 1.41 15.49 0.6052 1.0859
150 5.48 1.33 16.62 0.6365 0.9650
200 5.00 1.04 17.52 – –

scale k. Ideally we would target large scales, to avoid non-linearities
and shot noise contamination. The initial box for the simulation was
500 h−1 Mpc, but this was further reduced along the line of sight to
avoid cosmic evolution, which raises a problem for the bias extrac-
tion since linear modes with k ! 0.1 h Mpc−1 will be affected by
cosmic variance.

The other option was to calculate the H I galaxy bias using the
dark matter halo bias. To that end, we need to extract from the
simulation box, at a given redshift, the dark matter halo hosting
each H I galaxy above the target flux cut. The H I bias can then be
calculated using a weighted sum of the dark matter halo bias,

bH I(z, Srms) ≈
∑

i

b(z, Mi)
Ni

Ntot
, (6)

where b(z, Mi) is the halo bias for mass Mi (Sheth & Tormen
1999), Ni is the number of haloes in the box with mass Mi hosting
H I galaxies above the detection threshold, and Ntot =

∑
iNi. This

method is less affected by shot noise and does not suffer from the
cosmic variance issues of the previous method. As such, in this paper
we opted to calculate the bias following this second prescription.

Figure 3. H I galaxy bias for different Srms. Note that bias values for high
flux rms are uncertain. This has little impact, however, as shot noise will
dominate at these sensitivities.

The data points obtained from the simulation are shown in Fig. 3 as
a function of redshift for different Srms sensitivities, and numerical
values are given in Table A1 in the Appendix. We fit the simulated
data using

bH I(z) = c4 exp(c5z), (7)

and give the values of the best-fitting parameters in Table 3.
The galaxies used in the bias calculation are contained in small

volumes between ∼(60/h)3 Mpc3 (for z ≈ 0) and (175/h)3 Mpc3

(for z ≈ 2) due to the size of the redshift bins considered. Given the
much larger volumes probed by an experiment like the SKA, one
would expect to find a number of haloes larger than those contained
in the simulation boxes. However, this should only have an impact
for large flux cuts, which are dominated by shot noise anyway and
so will have little consequence in terms of cosmological constraints.

For haloes of a given mass, there is significant variation in the
H I mass of the galaxies residing within them. This implies that
some galaxies with considerably higher H I masses than the average
will be found. The number of haloes rapidly decreases with halo
mass and redshift, however, and so the majority of galaxies with
high H I masses will be found in modest haloes with modest bias.
The fraction MH I/Mhalo has also been shown to rapidly decrease
with increasing halo mass for haloes with masses above 1012 M$
(Popping, Behroozi & Peeples 2014), so even very massive haloes
are likely to have modest H I masses of the order of 109 M$ on
average. This has the effect of introducing an effective upper limit
to the bias at each redshift, which we estimated to be only slightly
higher than the maximum values we were able to obtain from the
simulation. As such, at each redshift one can assume that the bias
remains constant for values of Srms higher than the maximum that
could be extracted from the simulation.

For H I masses below 109 M$, locally-measured H I luminosity
functions seem to imply many more galaxies than predicted by the
simulation, suggesting that low mass galaxies are more H I rich
than previously thought (Popping et al. 2014). If this is the case,
the bias will be smaller than predicted here for small values of
Srms (e.g. ! 1 µJy). This result is subject to completeness uncer-
tainty and cosmic variance, however, and is yet to be confirmed
(Obreschkow et al. 2013). Conversely, DLA observations (though
model-dependent, and suffering from several uncertainties) are so
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far consistent with our predictions for the H I bias (Font-Ribera et al.
2012).

4 C O S M O L O G I C A L P E R F O R M A N C E

In this section, we use Fisher forecasts to compare the ability of the
proposed SKA H I galaxy surveys to constrain various cosmological
quantities. Our focus is on the detection of the BAO feature, which
we use as an FOM owing to its status as arguably the cleanest (Seo
et al. 2010; Mehta et al. 2011) and most ‘standard’ observable tar-
geted by cosmological large-scale structure surveys. Constraints on
the dark energy equation of state parameters, w0 and wa, are also
presented. We take the Planck best-fitting flat ! cold dark matter
model (Planck Collaboration XVI 2014) as our fiducial cosmol-
ogy, with h = 0.67, "cdm = 0.267, "b = 0.049, ns = 0.962, and
σ 8 = 0.834.

4.1 SKA assumed sensitivities

Our forecasts follow the specifications given in Table 2, with the
sensitivities obtained for a total observation time of 10 000 h, and a
survey area of 5000 deg2 for SKA1 and 30 000 deg2 for SKA2. For
each configuration we also considered ‘optimistic’ and ‘pessimistic’
variations, which are intended to bracket the possible range of flux
sensitivities once H I modelling uncertainties and possible changes
to the instrumental design are taken into account.

For SKA1, we take the flux rms at the target frequency of 1 GHz
to be Sref

rms = 70/150/200 µJy (opt./ref./pess.). The optimistic sce-
nario is roughly equivalent to taking the reference flux for SKA1-
MID+MeerKAT (152 µJy), but assuming that the detection thresh-
old would be set at the 5σ level. For SKA2, in lieu of any other
information about its design we take the flux rms to be constant
across the band, with Sref

rms = 3.0/5.4/23 µJy (opt./ref./pess.).
The frequency/redshift interval for SKA1 is taken to be com-

patible with SKA1-SUR + ASKAP Band 2 or a modification of
SKA1-MID + MeerKAT Band 2 as explained in Section 2.2, e.g.
800–1300 MHz. We ignore Band 1, since above z ∼ 0.8 one can-
not detect enough galaxies for cosmological purposes with SKA1
sensitivities anyway. Note that both MID and SUR have similar sen-
sitivities for the H I galaxy survey we are describing, although the
current SUR band 2 definition is more optimal for this. For SKA2,
we take the z range given in Table 2.

The number density and bias scale with frequency/redshift, as
explained in Section 2.1. We take this into account by interpolating
between the best-fitting sensitivity curves shown in Figs 2 and 3, as
a function of redshift. The interpolation also allows us to factor in
possible changes to the flux cut (galaxy detection threshold). For a
given survey, the flux rms therefore scales as

Srms = Sref
rms

Ncut

10
ν21

νc

(1 + z)−1, (8)

where ν21 is the rest-frame frequency of the 21 cm line, Sref
rms is the

reference flux sensitivity quoted in the tables, Ncut is the threshold
above which galaxies are taken to be detected, in multiples of the
noise rms, and νc is the target/critical frequency at which Sref

rms was
calculated (1.0 GHz for MID and 1.3 GHz for SUR). Note that
for SUR (PAFs), the flux Srms will remain constant for frequencies
below νc.

As mentioned above, we assume that the reference experiment
for SKA1 has non-PAF receivers (i.e. SKA1-MID + MeerKAT).
For SKA2 we take the flux to be constant with redshift, also as
discussed above. Then we correct for number density and bias by

Table 4. Fitted parameters for the galaxy number density and bias, for
the frequency-corrected Srms of the various experiments. The flux rms
at the reference frequency, Sref

rms, is in µJy, while the fitted coefficients
are dimensionless.

Sref
rms c1 c2 c3 c4 c5

SKA1 opt. 70 5.253 0.901 7.536 0.628 0.819
ref. 150 5.438 1.332 11.837 0.625 0.881
pess. 200 5.385 1.278 14.409 0.646 0.896

SKA2 opt. 3.0 6.532 1.932 5.224 0.530 0.781
ref. 5.4 6.555 1.932 6.378 0.549 0.812
pess. 23.0 6.020 1.430 9.028 0.607 0.852

interpolating equations (5) and (7) using the values in Table 3. The
resulting best-fitting parameters for the number density and bias
functions are given in Table 4. The redshift distribution for the
target surveys is shown in Fig. 4, and compared to the limit below
which the survey becomes shot noise dominated.

4.2 Fisher forecasts

We use the Fisher forecasting technique to estimate how well the
SKA surveys will be able to measure the BAO scale, and thus the
various cosmological parameters. The first step is to construct
the Fisher matrix, which is derived from a Gaussian approxima-
tion of the likelihood, evaluated for a set of fiducial parameters. For
a spectroscopic galaxy redshift survey, the Fisher matrix in a single
redshift bin is

Fij = 1
2
Vsur

∫
d3k

(2π)3

∂ log CT

∂θi

∂ log CT

∂θj

, (9)

where {θ i} are the cosmological parameters of interest, Vsur is the
comoving volume of the redshift bin, and we have neglected redshift
evolution within the bin. The total variance of the measured fluctu-
ations in the galaxy distribution is CT = P (k, z) + 1/n(z), where
P (k, z) is the redshift-space galaxy power spectrum, and 1/n(z)
is the inverse of the galaxy number density, which acts as a shot

Figure 4. Number densities for the optimistic, reference, and pessimistic
cases of SKA1 and 2, compared with Euclid. Dash–dotted lines show the
number density at which n(z)b2(z)P(z, kmax) = 1 for the various surveys,
with kmax ≈ 0.2 h Mpc−1. When dN/dz is above this line, sample variance
dominates the shot noise for all k < kmax; the point at which it dips below
the line is effectively the maximum redshift of the survey.
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noise term. Only the power spectrum depends on the cosmological
parameters, so we can write

Fij = Vsur

8π2

∫ 1

−1
dµ

∫ kmax

kmin

k2dk

(
nP

1 + nP

)2 ∂ log P

∂θi

∂ log P

∂θj

,

where µ = cos θ is the cosine of the angle between the line of
sight and the Fourier mode k. We fix the lower integration limit
to kmin = 10−3h Mpc−1, and discard all information from modes
beyond a non-linear cutoff scale,

kmax = kNL,0 (1 + z)2/(2+ns) , (10)

where kNL, 0 " 0.2 h Mpc−1 (Smith et al. 2003).
We adopt a simplified ‘wiggles-only’ approach to deriving BAO

constraints, where only derivatives of the (Fourier-space) BAO fea-
ture are included in the Fisher matrix calculation. We first calculate
the full (isotropic) power spectrum, P(k, z), for the fiducial cos-
mology using CAMB (Lewis, Challinor & Lasenby 2000), and then
separate it into smooth and wiggles-only components such that (Bull
et al. 2015a)

P (k, z) = [1 + fBAO(k)] Psmooth(k, z). (11)

If the actual cosmology differs from the fiducial cosmology, the ob-
served wavenumber, k, of a feature in the isotropic power spectrum
will be shifted according to (Blake & Glazebrook 2003)

k =
√

k2
⊥(D(fid.)

A /DA)2 + k2
‖(H/H (fid.))2. (12)

Since our aim is to provide a consistent comparison of the perfor-
mance of various surveys, rather than to give high-precision fore-
casts on a large set of parameters, we make a number of simplifying
assumptions: we ignore RSDs, non-linear effects, and uncertainty in
both the bias and acoustic scale, and assume that the cosmological
information encoded by the BAO feature comes entirely from the
shift in k. We can then write

∂ log P

∂θ
≈ [1 + fBAO(k)]−1 dfBAO

dk

dk

dθ
, (13)

where, following Seo & Eisenstein (2007), we work in terms of the
parameters θ ∈ {log DA, log H}, so that the Fisher integral factorises
into a simple 2 × 2 matrix of analytic angular integrals multiplied by
the (scalar) k integral. This calculation includes the cross-correlation
between DA and H. Because we are neglecting a number of nuisance

parameters and other effects, our forecasts could be interpreted as
somewhat optimistic – although note that we are using only the
information encoded in the BAO wiggles, which is quite insensitive
to such effects (e.g. Anderson et al. 2012).

It is useful to project the constraints on DA and H to various
basic cosmological parameters. We first write the expansion rate
and angular diameter distance as

H (z) = H0("m(1 + z)3 + "K (1 + z)2 + "DE(z))1/2

DA(z) = c

H0

(1 + z)−1

√
−"K

sin
(√

−"K

∫ z

0

dz′

E(z′)

)
,

where "m = "cdm + "b is the total matter density, "K = 1 − "m −
"DE, 0, is the spatial curvature, E(z) = H(z)/H0 is the dimensionless
expansion rate, and the dark energy evolution is given by

"DE(z) = "DE,0 exp
[∫ z

0

3[1 + w(z′)]
1 + z′ dz′

]
. (14)

We also define H0 = 100 h km s−1 Mpc−1, and adopt the com-
monly used parametrization of the dark energy equation of state,
w(z) ≈ w0 + waz/(1 + z). The full set of parameters that we con-
sider is then θ ′ = {w0, wa, "cdm, "b, "K, h}, with the Fisher matrix
found by projecting from the original 2 × 2 matrix and summing
over redshift bins,

F ′
αβ =

∑

ij ,n

∂θi

∂θ ′
α

∂θj

∂θ ′
β

∣∣∣∣∣
zn

Fij (zn). (15)

Finally, we add the Planck CMB prior Fisher matrix from Amendola
et al. (2013) to represent the high-z constraints that will be available.

4.3 Comparison with previous results and future experiments

The results of our Fisher forecasts are shown in Figs 5–7 and Table 5.
For comparison, we have also included forecasts for (a) a future
optical/near-infrared H α galaxy survey with similar specifications
to Euclid, using the number counts and bias model for the reference
case described in Amendola et al. (2013), and (b) the BOSS LRG
galaxy survey, using the specifications in Dawson et al. (2013), with
a total of 1.5 million galaxies out to z ! 0.75, and with a bias of
b ≈ 2.

As can be seen from Fig. 5, an SKA1 galaxy survey will offer –
at best – only slight improvements over existing experiments at low

Figure 5. Forecast fractional errors on the expansion rate, H(z), and angular diameter distance, DA(z), from BAO measurements with the various surveys.
The redshift binning is fixed at %z = 0.1 for all experiments.
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Figure 6. 68% and 95% confidence level forecast constraints on the devia-
tion of the dark energy parameters w0, wa from their fiducial values for
the Wide Band 1 Survey (top) and Medium-Deep Band 2 Survey (bottom),
using galaxy clustering data, including the effects of cosmic magnification.
We show constraints from Planck CMB 2015 and BAO and RSD observa-
tions, as described in 2.6 in blue, SKA1 forecasts in red and the constraints
for the combination of both experiments in green. We show here that for
the dark energy parameters, the continuum data adds little to the existing
constraints, owing to the uncertainty in the bias in each redshift bin.

Figure 7. 68% and 95% confidence level forecast constraints on the devia-
tion of the modified gravity parameters µ0,∞0 from their fiducial values for
the Wide Band 1 Survey (top) and Medium-Deep Band 2 Survey (bottom),
using galaxy clustering data, including the effects of cosmic magnifica-
tion. We show SKA forecasts constraints in red and the constraints for the
combination of SKA1 with Planck CMB 2016 and BAO in green.

Constraints on DE and MG from SKA1 (forecasts)

See https://arxiv.org/abs/1811.02743 and its reference list 
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Figure 12. Forecast constraints on phenomenological modified gravity
parameters using the broadband shape of the power spectrum, detected
using the HI galaxy sample of the Medium-Deep Band 2 Survey. Planck
and DES (galaxy clustering only) constraints are included for comparison.
The improvement from adding SKA1 is comparable to DES. Specifications
for DES were taken from Lahav et al. (2010).

straints on both µ0 and ∞0 are improved by roughly a factor
of two over Planck - comparable to what can be achieved
with DES (galaxy clustering only). This is not competitive
with bigger spectroscopic galaxy surveys like Euclid or DESI,
but does provide an independent datapoint at low redshift.

4.2.2 Doppler magnification

There is a contribution to the apparent magnification of
galaxies due to their peculiar motion, as well as weak gravi-
tational lensing (Bonvin, 2008). The motion of the galaxies
causes a shift in their apparent radial position (as seen in
redshift space), while their angular size depends only on
the actual (real space) angular diameter distance. As such,
a galaxy that is moving away from us will maintain fixed an-
gular size while appearing to be further away than it really
is (and thus ‘bigger’ than it should be for a galaxy at that ap-
parent distance). This effect has been called Doppler mag-
nification, and dominates the weak lensing convergence at
low redshift (Bacon et al., 2014; Borzyszkowski et al., 2017;
Bonvin et al., 2017; Andrianomena et al., 2018). It can be
detected statistically through the dipolar pattern it intro-
duces in the density-convergence cross-correlation, h∑±g i.
The galaxy density, ±g , can be measured from the 3D galaxy
positions, while the convergence, ∑, can be estimated from
the angular sizes of the galaxies.

As discussed above, an SKA1 HI galaxy redshift survey
will yield high number densities of galaxies with spectro-
scopic redshifts at z . 0.4, approximately covering the red-
shift range where Doppler magnification dominates the
weak lensing convergence. If the HI-emitting galaxies can
be resolved, their sizes can also be measured (e.g. from their

Figure 13. The signal-to-noise ratio of the Doppler magnification dipole
for SKA1 as a function of separation d at z = 0.15 (the redshift bin in
which the SNR is largest). A pixel size of 4h°1 Mpc has been assumed. The
upper bound and lower bounds are for convergence errors (size noise) of
æ∑ = 0.3 and æ∑ = 0.8 respectively.

surface brightness profile in continuum emission), making
it possible to measure the Doppler magnification signal
using a single survey. Galaxy size estimators often suffer
from large scatter, and it remains an open question as to
how well SKA1 will be able to measure sizes. This scatter
has a significant effect on the expected SNR of the Doppler
magnification signal. There is a known relation between the
size of an HI disk and the HI mass (Wang et al., 2016) that
shows very little scatter over several orders of magnitude,
however. For objects that are spatially resolved in HI, their
expected sizes can be computed from their HI masses, and
compared with their apparent sizes.

Following the forecasting methodology of Bonvin et al.
(2017), we expect SKA1 to achieve a signal-to-noise ratio
of º 8 on the Doppler magnification dipole for galaxies
separated by ª 100 h°1Mpc (Fig. 13), assuming a size scat-
ter of æ(∑) = 0.3 (comparable to what optical surveys can
achieve). The cumulative SNR over 0.1 ∑ z ∑ 0.5, for the full
range of separations, is º 40.

4.2.3 Direct peculiar velocity measurements

The Tully-Fisher relation (Tully & Fisher, 1977) can be used
to infer the intrinsic luminosity of a galaxy from its 21cm
line width, which is a proxy for rotational velocity. Com-
bined with the redshift of the line and a measurement of
the galaxy inclination, this makes it possible to measure
the galaxy’s peculiar velocity in the line-of-sight direction.
The statistics of the peculiar velocity field, sampled by a
large set of galaxies, can then be used to measure various
combinations of cosmological quantities. Peculiar veloc-
ity statistics are particularly sensitive to the growth rate of
structure, and so can be used as powerful probes of modi-
fied gravitational physics (e.g. Hellwing et al., 2014; Koda
et al., 2014; Ivarsen et al., 2016).

Measuring the width of the 21cm line requires line detec-
tions with significantly better signal-to-noise than would
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positions, while the convergence, ∑, can be estimated from
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will yield high number densities of galaxies with spectro-
scopic redshifts at z . 0.4, approximately covering the red-
shift range where Doppler magnification dominates the
weak lensing convergence. If the HI-emitting galaxies can
be resolved, their sizes can also be measured (e.g. from their
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which the SNR is largest). A pixel size of 4h°1 Mpc has been assumed. The
upper bound and lower bounds are for convergence errors (size noise) of
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surface brightness profile in continuum emission), making
it possible to measure the Doppler magnification signal
using a single survey. Galaxy size estimators often suffer
from large scatter, and it remains an open question as to
how well SKA1 will be able to measure sizes. This scatter
has a significant effect on the expected SNR of the Doppler
magnification signal. There is a known relation between the
size of an HI disk and the HI mass (Wang et al., 2016) that
shows very little scatter over several orders of magnitude,
however. For objects that are spatially resolved in HI, their
expected sizes can be computed from their HI masses, and
compared with their apparent sizes.

Following the forecasting methodology of Bonvin et al.
(2017), we expect SKA1 to achieve a signal-to-noise ratio
of º 8 on the Doppler magnification dipole for galaxies
separated by ª 100 h°1Mpc (Fig. 13), assuming a size scat-
ter of æ(∑) = 0.3 (comparable to what optical surveys can
achieve). The cumulative SNR over 0.1 ∑ z ∑ 0.5, for the full
range of separations, is º 40.

4.2.3 Direct peculiar velocity measurements

The Tully-Fisher relation (Tully & Fisher, 1977) can be used
to infer the intrinsic luminosity of a galaxy from its 21cm
line width, which is a proxy for rotational velocity. Com-
bined with the redshift of the line and a measurement of
the galaxy inclination, this makes it possible to measure
the galaxy’s peculiar velocity in the line-of-sight direction.
The statistics of the peculiar velocity field, sampled by a
large set of galaxies, can then be used to measure various
combinations of cosmological quantities. Peculiar veloc-
ity statistics are particularly sensitive to the growth rate of
structure, and so can be used as powerful probes of modi-
fied gravitational physics (e.g. Hellwing et al., 2014; Koda
et al., 2014; Ivarsen et al., 2016).

Measuring the width of the 21cm line requires line detec-
tions with significantly better signal-to-noise than would
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Figure 14. Expected fractional error on the width of the 21cm line, as
a function of the signal-to-noise ratio on the integrated line flux. The
vertical dashes lines show three different detection thresholds: (red) 5æ
threshold on the peak per channel SNR; (yellow) 8æ threshold on the peak
per-channel SNR; and (blue) threshold corresponding to æ(vpec) < 0.2c.

be needed to measure redshift alone. Fig. 14 shows the ex-
pected fractional error on the 21cm linewidth of a galaxy
as a function of the signal-to-noise ratio on the integrated
flux of the line, assuming a simplified Gaussian line profile
model. The 5æ and 8æ thresholds (on the peak per-channel
SNR, not the integrated flux) from Table 7 are shown as red
and yellow dashed lines respectively. These are the thresh-
olds we assumed for 21cm line detection for a redshift-only
survey. To measure the peculiar velocity to better than 20%
of the speed of light (as required by the analysis in Koda
et al., 2014), a fractional measurement precision of ª 2.4%
is required on the linewidth, which translates to a peak per-
channel SNR of ª 110æ according to Fig. 14. As such, the
number density of galaxies for which peculiar velocity mea-
surements are available will be significantly lower than for
the redshift-only sample. Some way of measuring the incli-
nation (e.g. from continuum or optical/NIR images) for all
galaxies in the sample is also required. Nevertheless, direct
measurements of the peculiar velocity field are sensitive
cosmological probes, so the constraining power of even rel-
atively small peculiar velocity samples can be substantial.
Forecasts for SKA precursor experiments were presented in
Koda et al. (2014), and showed that a ª 3% measurement
of f æ8 should be achievable at z ' 0.025 with a combined
redshift + velocity survey, for example.

4.2.4 Void statistics

Future large-area galaxy surveys will offer an unprece-
dented spectroscopic view of both large and small scales
in the cosmic web of structure. Thanks to its high galaxy
density and low bias, the SKA1 HI galaxy survey will allow
unusually small voids and comoving scales to be probed
compared to other spectroscopic surveys.

Figure 15. Forecast marginalized parameter constraints for w0 and wa
from the void counts of the HI galaxy Medium-Deep Band 2 Survey (grey),
Planck (blue), and both combined (yellow). Apart from the cosmological
parameters, we have also marginalized over uncertainty in void radius
(Sahlén & Silk, 2016), and in the theoretical void distribution function
(Pisani et al., 2015).

Table 9 Forecast dark energy constraints for void counts.

Survey æ(w0) æ(wa) FoM
SKA1 HI galaxy void counts 0.22 1.84 9

Planck+lensing+BAO 0.30 0.85 13
Joint SKA1 + Planck 0.07 0.34 84

The number counts (Pisani et al., 2015; Sahlén et al.,
2016), shapes (Massara et al., 2015), RSDs (Sutter et al.,
2014), and lensing properties (Spolyar et al., 2013) of voids
are examples of sensitive void-based probes of cosmology.
Voids are particularly sensitive to the normalization and
shape of the matter power spectrum, its growth rate, and
the effects of screened theories of gravity which exhibit
modifications to General Relativity in low-density environ-
ments (Voivodic et al., 2017). This is because void distribu-
tions contain objects ranging from the linear to the non-
linear regime, across scale, density and redshift (Sahlén &
Silk, 2016).

We forecast cosmological parameter constraints from
the HI galaxy Medium-Deep Band 2 Survey in our fiducial
cosmology, using a Fisher matrix method. The void distri-
bution is modeled following (Sahlén et al., 2016; Sahlén
& Silk, 2016) using an approximate modeling scheme to
incorporate the effects of massive neutrinos on the void
distribution (Sahlén, 2018). We also take into account the
galaxy density and bias for the survey. Below z º 0.18, the
survey is limited by the void-in-cloud limit. Voids smaller
than this limit tend to disappear due to collapse of the over-
density cloud within which they are situated.

We expect to find around 4 £ 104 voids larger than

Void count
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are examples of sensitive void-based probes of cosmology.
Voids are particularly sensitive to the normalization and
shape of the matter power spectrum, its growth rate, and
the effects of screened theories of gravity which exhibit
modifications to General Relativity in low-density environ-
ments (Voivodic et al., 2017). This is because void distribu-
tions contain objects ranging from the linear to the non-
linear regime, across scale, density and redshift (Sahlén &
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We forecast cosmological parameter constraints from
the HI galaxy Medium-Deep Band 2 Survey in our fiducial
cosmology, using a Fisher matrix method. The void distri-
bution is modeled following (Sahlén et al., 2016; Sahlén
& Silk, 2016) using an approximate modeling scheme to
incorporate the effects of massive neutrinos on the void
distribution (Sahlén, 2018). We also take into account the
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Intensity Mapping with SKA



❖ SKA1 constraining power for cosmological parameters, DE  EoS specially, is not 
competitive with optical surveys, due to the limited redshift reach of the HI galaxy 
redshift survey 

❖ Intensity Mapping allows to extend significantly the accessible redshift range 

❖ However, the SKA1-Mid array configuration is not well suited to IM - Use of 
individual dishes - or possibly the central core in interferometric mode 

❖  3D Intensity Mapping, similar to CMB
✤ Measure integrated emission (brightness temperature) of HI  - from IGM and gas in galaxies, in cells 

10-1000 Mpc3

✤ Subtract foregrounds, and compute P(k,z) on 3D maps T21(α,δ,ν) 
✤ Possible to reach higher redshifts (z ~ 1-2) with SKA1-Mid 

❖ Separating the cosmological signal from the foregrounds (Galactic synchrotron, radio-
sources …) is a big challenge 

❖ Residual fluctuations due to noise, specially in non interferometric mode is also a 
challenge 

Intensity Mapping



Constraints on Cosmology from SKA-1 IM survey

See https://arxiv.org/abs/1811.02743 and its reference list 

HI auto-correlation P(k) from SKA1 IM
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Figure 17. Upper panel: HI detection with the SKA1-MID Wide Band 1
Survey, showing the expected signal power spectrum (black solid) and
measurement errors (cyan) from the HI auto-correlation power spectrum.
The assumed k binning is ¢k = 0.01Mpc°1. Lower panel: HI detection
with the Deep SKA1-LOW Survey, signal power spectrum (solid black line)
and measurement errors (cyan band) at z = 4. We have used a k-binning
¢k = 0.01Mpc°1 and a redshift bin ¢z = 0.3.

Table 10 Forecasted fractional uncertainties on≠HIbHI, and≠HI
assuming the SKA1-MID Wide Band 1 Survey and following the
methodology in Pourtsidou et al. (2017). For the≠HI constraints
we utilize the full HI power spectrum with RSDs. Note that the
assumed redshift bin width is ¢z = 0.1, but we show the results
for half of the bins for brevity. The cosmological constraints are
reported in Fig. 10 and Fig. 11.

z æ(≠HIbHI)/(≠HIbHI) æ(≠HI)/≠HI

0.4 0.002 0.009
0.6 0.003 0.011
0.8 0.004 0.013
1.0 0.005 0.017
1.2 0.006 0.022
1.4 0.008 0.029
1.6 0.010 0.036
1.8 0.013 0.046
2.0 0.016 0.058
2.2 0.020 0.072
2.4 0.025 0.091
2.6 0.030 0.115
2.8 0.038 0.145
3.0 0.046 0.183

both SKA intensity mapping surveys (i.e. Wide Band 1 Sur-
vey and Deep SKA1-LOW Survey ) on ≠HI compared to
current measurements.

At this point we note that our forecasts have ignored
residual foreground contamination and other systematic
effects. Assessing these effects using simulations and ex-
ploring the possibility of performing BAO measurements
using this survey is the subject of ongoing work.

Figure 18. Forecasts for the HI density,≠HI, using the Wide Band 1 Sur-
vey and Deep SKA1-LOW Survey (black points), and comparison with
measurements (see Crighton et al. (2015) and references therein), follow-
ing the methodology in Pourtsidou et al. (2017). Note that we have used a
very conservative non-linear kmax cutoff for these results.

SKA1-Mid Wide Band 1 (z=0.6)

SKA1-Low Deep. (z=4)
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we utilize the full HI power spectrum with RSDs. Note that the
assumed redshift bin width is ¢z = 0.1, but we show the results
for half of the bins for brevity. The cosmological constraints are
reported in Fig. 10 and Fig. 11.

z æ(≠HIbHI)/(≠HIbHI) æ(≠HI)/≠HI

0.4 0.002 0.009
0.6 0.003 0.011
0.8 0.004 0.013
1.0 0.005 0.017
1.2 0.006 0.022
1.4 0.008 0.029
1.6 0.010 0.036
1.8 0.013 0.046
2.0 0.016 0.058
2.2 0.020 0.072
2.4 0.025 0.091
2.6 0.030 0.115
2.8 0.038 0.145
3.0 0.046 0.183

both SKA intensity mapping surveys (i.e. Wide Band 1 Sur-
vey and Deep SKA1-LOW Survey ) on ≠HI compared to
current measurements.

At this point we note that our forecasts have ignored
residual foreground contamination and other systematic
effects. Assessing these effects using simulations and ex-
ploring the possibility of performing BAO measurements
using this survey is the subject of ongoing work.
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Figure 18. Forecasts for the HI density,≠HI, using the Wide Band 1 Sur-
vey and Deep SKA1-LOW Survey (black points), and comparison with
measurements (see Crighton et al. (2015) and references therein), follow-
ing the methodology in Pourtsidou et al. (2017). Note that we have used a
very conservative non-linear kmax cutoff for these results.
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Figure 10. Forecast constraints on the cosmic expansion rate, H , (left panel) and angular diameter distance, D A(z), (right panel) for several different
experiments, following the forecasting methodology described in Bull (2016). The SKA1 Medium-Deep Band 2 Survey for HI galaxy redshifts is shown in
light blue, HI intensity mapping are shown in red/pink (see Sec. 5 for details), and optical/NIR spectroscopic galaxy surveys are shown in black/grey.

Figure 11. Forecast constraints on the linear growth rate of large-scale
structure, f æ8, for the same surveys as in Fig. 10. Open circles show a
compilation of current constraints on f æ8 from Macaulay et al. (2013).

sound horizon during the baryon drag epoch, rs (zd )). The
radial BAO scale is sensitive to the expansion rate, H(z),
while the transverse BAO scale is sensitive to the angular
diameter distance, D A(z).

The HI galaxy Medium-Deep Band 2 Survey will be able
to detect and measure the BAO feature at low redshift
(Yahya et al., 2015; Abdalla et al., 2015; Bull, 2016). This
measurement has already been performed by optical spec-
troscopic experiments, such as BOSS and WiggleZ (Alam
et al., 2017; Kazin et al., 2014), but over different redshift
ranges and patches of the sky. An SKA1 HI galaxy redshift
survey will add independent data points at low redshift,
z . 0.3, which will help to better constrain the time evo-
lution of the energy density of the various components
of the Universe – particularly dark energy. The expected

constraints on H(z) and D A(z) are shown in Fig. 10, and
are typically a few percent for the HI galaxy survey. While
this is not competitive with the precision of forthcoming
optical/near-IR spectroscopic surveys such as DESI and
Euclid, it will be at lower redshift than these experiments
can access, and so is complementary to them.

Another feature that is present in the clustering pattern
of galaxies are Redshift Space Distortions (RSDs), a charac-
teristic squashing of the 2D correlation function caused by
the peculiar motions of galaxies (Kaiser, 1987; Scoccimarro,
2004; Percival et al., 2011). Galaxies with a component of
motion in the radial direction have their spectral line emis-
sion Doppler shifted, making them appear closer or further
away than they actually are according to their observed
redshifts. This results in an anisotropic clustering pattern
as seen in redshift space. The degree of anisotropy is con-
trolled by several factors, including the linear growth rate of
structure, f (z), and the clustering bias of the galaxies with
respect to the underlying cold dark matter distribution,
b(z). The growth rate in particular is valuable for testing
alternative theories of gravity, which tend to enhance or
suppress galaxy peculiar velocities with respect to the GR
prediction (Jain & Zhang, 2008; Baker et al., 2014). RSDs
occur on smaller scales than the BAO feature, but can also
be detected by an HI galaxy redshift survey as long as the
shot noise level is sufficiently low. The SKA1 HI galaxy sur-
vey will be able to measure the normalised linear growth
rate, f æ8, to ª 3% at z º 0.3 (see Fig. 11). This is roughly in
line with what existing optical experiments can achieve at
similar redshifts (see Macaulay et al. (2013) for a summary).

Fig. 12 shows results for when the growth rate constraints
are mapped onto the phenomenological modified grav-
ity parametrisation defined in Eqs. (3) and (4).12 The con-

12The results in Fig. 12 used the forecasting code and Planck prior de-
scribed in Raveri et al. (2016a,b).
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Figure 20. HI intensity mapping with SKA1 Wide Band 1 Survey in cross-
correlation with optical surveys, showing the expected signal power spec-
trum (black solid) and measurement errors (cyan). Top: Cross-correlation
with a Euclid-like spectroscopic optical galaxy survey with 10,000 deg2

overlapBottom: Cross-correlation with a DES-like photometric optical
galaxy survey with 5,000 deg2 overlap. The assumed k binning is¢k = 0.01.

Table 13 Forecast fractional uncertainties on HI and cosmological
parameters assuming HI intensity mapping with the SKA1 Wide
Band 1 Survey and Euclid-like cross-correlation described in the
main text, following the methodology in Pourtsidou et al. (2017).
Note that the assumed redshift bin width is ¢z = 0.1, but we show
the results for half of the bins for brevity.

z æ(≠HIbHIr )
(≠HIbHIr )

æ( f æ8)
( f æ8)

æ(D A )
D A

æ(H)
H

1.0 0.014 0.04 0.02 0.02
1.2 0.018 0.06 0.03 0.02
1.4 0.024 0.08 0.05 0.02
1.6 0.030 0.10 0.06 0.02
1.8 0.038 0.12 0.08 0.03
2.0 0.047 0.15 0.09 0.03

Figure 21. This figure shows 1æ and 2æ constraints on the M∫°æ8 plane
from Planck CMB 2015 alone (grey), SKA1-LOW (green), SKA1-LOW plus
Planck CMB 2015 (blue) and SKA1-LOW plus SKA1-MID plus Planck CMB
2015 plus a spectroscopic galaxy survey (magenta). The lower limit from
neutrino oscillations, together with recent cosmological upper bounds
are shown with dashed vertical lines.

5.2.4 Neutrino masses

The impact of massive neutrinos on the abundance and
clustering of cosmic neutral hydrogen has been studied
in Villaescusa-Navarro et al. (2015) through hydrodynamic
simulations. It was found that neutrino masses do not affect
much the halo HI mass function13, MHI(M , z). Therefore,
neutrino effects on HI properties can easily be explained
through simple HI halo models. Villaescusa-Navarro et al.
(2015) used those ingredients to forecast the sensitivity of
the phase 1 of SKA to neutrino masses, finding that ob-
servations by SKA1-MID plus SKA1-LOW alone can place
a constrain of æ(M∫) = 0.18eV (2æ), where M∫ = P

i m∫i .
By adding information from Planck CMB 2015 data alone
that limit can shrink to æ(M∫) = 0.067eV (2æ), while a com-
bination of data from SKA1-MID, SKA1-LOW, Planck and
a spectroscopic galaxy survey like Euclid can yield a very
competitive constraint of æ(M∫) = 0.057eV (2æ). Those con-
straints have been derived with the Wide Band 1 Survey as-
suming observations in Band 1 and 2, and 10,000 hours
of interferometry observations by SKA1-LOW over 20 deg2

at frequencies ∫ 2 [200,355] MHz. Fig. 21 show those con-
straints projected in the M∫°æ8 plane.

5.2.5 Probing inflationary features

Possible anomalies observed in the CMB by WMAP (Peiris
et al., 2003) and Planck (Ade et al., 2014, 2016b; Akrami et al.,
2018) may be connected to features on ultra-large scales
(10°3 < k Mpc/h < 10°2) in the primordial power spectrum,
that are generated by a violation of slow-roll. Constraints
on such primordial features from inflation are shown in
Xu et al. (2016); Ballardini et al. (2018) to be significantly

13This function represents the average HI mass inside a dark matter halo
of mass M at redshift z.

Px(k) with Euclid like spec-z

Px(k) with DES like photo-z

27

Figure 24. Percentage difference for the HI intensity mapping power spec-
trum when the HI distribution is modeled using two different methods:
the halo based method (dotted lines) and the particle based method (solid
lines). Results are shown at z = 3 (left), z = 4 (middle) and z = 5 (right).
The error on the HI power spectrum of the model with CDM, normal-
ized to the amplitude of the 21 cm (CDM) power spectrum is shown in
a shaded region for three different observation times: t0 = 1,000 hours
(grey), t0 = 3,000 hours (blue) and t0 = 5,000 hours (fuchsia). The field-of-
view for this example corresponds to an area of between 2.7 and 6 deg2, at
z = 3°5. For clarity, we show the error from one HI-assignment method
only because both are very similar and overlap at the scale of the plot.

5.2.6 Unveiling the nature of dark matter

Intensity mapping offers the opportunity to measure the
matter power spectrum also at intermediate and small
scales. At such scales there could be a signature of the so-
called free streaming of dark matter particles (as in the case
of Warm Dark Matter - WDM), which produces a suppres-
sion of power (Smith & Markovic, 2011). It is thus natural to
explore what could be the constraints achieved by looking
at neutral hydrogen in emission as probed by intensity map-
ping surveys. In (Carucci et al., 2015) the impact of WDM
thermal relics is investigated on the 21 cm intensity map-
ping signal focusing on the high redshift, where structure
formation is closer to the linear regime (Viel et al., 2012); the
authors find that there is no suppression of power but there
is an increase of power in a redshift and scale dependent
way at mildly non-linear scales. In Fig. 24 we show the differ-
ence for the HI intensity mapping power spectrum which
is expected between the WDM model and a corresponding
CDM model with the same cosmological parameters, as-
suming a deep and narrow intensity mapping survey with
SKA1-LOW with an area of ª 3°6 deg2 at z = 3°5 with a
range of observation times as described in the caption. It
will be quite important to obtain independent constraints
on≠HI since, as it is shown in Fig. 25, it is evident that that
there exists a relatively strong degeneracy between the HI
cosmic density and the WDM mass.

The results indicate that we will be able to rule out a 4
keV WDM model with 5,000 hours of observations at z > 3,
with a statistical significance larger than 3æ, while a smaller
mass of 3 keV, comparable to present day constraints, can

Figure 25. 1æ and 2æ contours (dark and light areas) of the values of
≠HI and mWDM determined using the HI power spectrum measured by
SKA1-LOW with three different observation times: 1,000, 3,000 and 5,000
hours (red, green and violet) and using a field-of-view between 2.7-6 deg2.
The Fisher matrix analysis is performed using information coming from
redshift z = 3,4 and 5.

be ruled out at more than 2æ confidence level with 1,000
hours of observations at z > 5.

5.2.7 Photometric redshift calibration

With next generation optical surveys such as Euclid and
LSST promising to deliver unprecedented numbers of re-
solved galaxies, immense strain will be placed on the
amount of spectroscopic follow-up required. Through a
clustering-based redshift estimation method which utili-
ties HI intensity maps with excellent redshift resolution, a
well-constrained prediction can be made on the redshift
distribution for an arbitrarily large optical population.

SKA1 HI intensity mapping would be capable of reducing
uncertainties in photometric redshift measurements below
the requirements of DES and LSST (Alonso et al., 2017)
assuming adequate foreground cleaning could be achieved.
Tests have been carried out whereby attempts were made
to recover the redshift distribution for a simulated optical
galaxy catalogue by cross-correlating its clustering with HI
intensity maps (Cunnington et al., 2018).

This method relies on an estimate of bg, bHI (the bias
for the optical galaxies and HI intensity maps respectively)
and a model for the measurement of the mean HI bright-
ness temperature T̄HI. Assuming these are in hand, Fig. 26
presents a proof of concept example using a small survey
(25 deg2) with 1’ beam size, neglecting noise, where HI
emission is estimated using a HI-halo mass relation. Cun-
nington et al. (2018) shows that this result is comparable to
that for the proposed intensity mapping experiment with
the SKA1 Wide Band 1 Survey. We use the Ascaso et al. (2015)
catalogue in which accurate LSST photometric redshifts are
simulated, with 2 pixels per arcminute resolution and 30
redshift bins over a range of 0 < z < 3. This gives the optical
catalogue a low number density of 0.27 galaxies per voxel,
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Figure 27. Expected r.m.s. of emission from global navigation satellite ser-
vices within SKA1 Band 2 compared with the expected instantaneous
receiver noise (black dashed line) for 1 MHz channel widths. The red
dot-dashed line shows the sensitivity for an SKA HI IM survey in Band 2
with 30,000deg2, 200 dishes and 30 days while the orange dot-dashed line
shows the expected HI signal. Note however that the proposed wide HI
intensity mapping survey is in Band 1.

review the recent study of the effect for band 2 (Harper &
Dickinson, 2018) which will indicate some aspects of the
problem.

Fig. 27 shows the expected r.m.s. fluctuations of L-band
emission from satellites when filtering all satellite within
5 degrees of the main beam. The figure shows that the satel-
lite signal is comparable to the expected instantaneous
sensitivity of the SKA receivers, and greatly exceeds the SKA
survey sensitivity if we consider a large survey in band 2
(20,000deg2, 200 dishes, 30 days, 1 MHz channel widths).
In Harper & Dickinson (2018) it is shown that in general
the satellite emission does not integrate down on the sky
and the residual structure exceeds the expected HI signal
fluctuations at all frequencies within SKA Band 2. However,
some regions of the sky are clearer than others such as a
8,700deg2 patch around the South Celestial Pole (±<°65±)
that might make for a good SKA HI IM survey location if
done in band 2.

6 DISCUSSION AND CONCLUSIONS

In this paper we have brought together the present state
of the science case for cosmology using SKA1. A brief sum-
mary of the main conclusions are listed below.

Continuum galaxy surveys:

• A continuum survey with SKA1-MID Band 2 of
5,000deg2 (the Medium-Deep Band 2 Survey) is ex-
pected to yield a number density of resolved star-
forming galaxies of 2.7arcmin°2 usable for a weak lens-
ing shear analysis.

• By separating these galaxies into tomographic bins
and measuring their ellipticities to O (10°4) accuracy it
will be possible to measure the dark energy equation

of state to a DETF Figure of Merit of ª 1.5 alone, along
with measurement of matter parameters to ª 5% and
modified gravity parameters to ª 20%.

• Cross-correlating the weak lensing shear maps made
with SKA1 with optical weak lensing experiments will
retain nearly all of the statistical power of each survey,
while gaining significant robustness to both additive
and multiplicative systematics on the cosmological
parameter measurements.

• A continuum survey with SKA1-MID Band 1, covering
20,000deg2 (the Wide Band 1 Survey) will provide a
high quality data set for angular clustering analysis of
large scale structure, and cross-correlation with the
CMB.

• Large-scale clustering data will provide measurements
of primordial non-Gaussianity with statistical errors
around half the best current constraints from the CMB,
as well as measurements of the dark energy, modified
gravity and homogeneous curvature that are indepen-
dent from, but complementary to, other cosmological
probes.

• The large-area, high redshift radio continuum galaxy
sample will allow measurements of the cosmic dipole,
providing an accurate and independent test of the ori-
gin of the dipole that is impossible with current in-
frared and optical data.

HI galaxy redshift survey:

• A SKA1 HI galaxy sample from the 5,000 deg2 Medium-
Deep Band 2 Survey will provide new independent
measurements of the cosmic expansion rate, distance-
redshift relation, and linear growth rate from 0 < z .
0.4. This will cover a significant additional fraction of
the southern sky compared to existing optical surveys,
improving constraints on dark energy and modified
gravity theories in the important late-time (low red-
shift) regime.

• The angular sizes and linewidths of a subset of the
detected HI galaxies can be used to infer line-of-sight
peculiar velocities through the Doppler magnification
and Tully-Fisher methods respectively. The statistics of
the measured cosmic velocity field can provide unique
constraints on modified gravity theories.

• The HI galaxy sample will reach extremely high num-
ber densities at z . 0.2, making it possible to reliably
identify even small cosmic voids, and obtain high-SNR
cross-correlations with ∞-ray maps. The resulting void
sample can be used as a complementary probe of mat-
ter clustering that is particularly sensitive to modified
gravity effects, while the ∞-ray cross-correlations can
be used to detect dark matter annihilation.

HI intensity mapping:

• The SKA1 Wide Band 1 Survey in combination with the
Deep SKA1-LOW Survey will provide a legacy dataset
of the large-scale matter distribution measuring the
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cosmic HI abundance through cosmic time (0 < z < 6)
with unprecedented precision.

• The excellent redshift precision of the intensity maps
covering large areas allows one to constrain the ex-
pansion history and growth of structure in the Uni-
verse, providing constraints on dark energy with SKA1-
MID comparable to concurrent surveys at other wave-
lengths.

• The HI intensity mapping surveys will also allow to
measure neutrino masses, test Warm Dark Matter
models, and inflationary physics.

• Synergies of the intensity mapping surveys with op-
tical surveys such as LSST and Euclid are crucial for
multi-wavelength cosmology and systematics mitiga-
tion (see more detailed discussion below). In partic-
ular, they will provide ground breaking constraints
on ultra-large scale effects such as primordial non-
Gaussianity, potentially a factor of 10 better than cur-
rent measurements.

Synergies with other surveys:

• We have noted the improved systematic control likely
to be possible using the combination of radio data
from the SKA1 with optical/NIR data from Euclid and
LSST. Cross-correlations are in principle able to re-
move all additive residual systematics.

• Using the SKA with other telescopes can provide com-
plementary physical constraints, e.g. from the com-
bination of optical weak lensing with radio intensity
mapping, and vital cross-checks of results by compar-
ing dark energy constraints from optical surveys to
those from the SKA. Cross-correlations of probes can
measure signatures which would otherwise be buried
in noise.

• Different radio and optical populations of galaxies af-
ford a multi-tracer approach to large-scale structure
measurements, removing sample variance.

• In addition, optical and radio surveys mutually sup-
port one another through the provision of redshifts;
intensity mapping can provide calibration of optical
photometric redshifts, while optical surveys can pro-
vide photometric redshift information for the SKA con-
tinuum survey.

The prospects for observational cosmology in the next
decade are particularly promising, with the SKA playing
an important part in concert with the Stage IV optical sur-
veys.
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Cosmological probes and Dark energy (I)

❖ Large Scale Structure (LSS) : shape (power spectrum or correlation function) and 
its evolution with redshift is a powerful cosmological probe - in particular the 
BAO feature in the LSS 

❖ Baryon Acoustic Oscillations (BAO) : Measurement of characteristic scales  → 
dA(z), H(z)

❖ Supernovae (SN) : Measure of apparent SNIa luminosity as a function of → dL(z)
❖ Weak lensing (WL) : Measure of preferred orientation of galaxies → dA(z), 

growth of inhomogeneities (structures / LSS)
❖ Galaxy Clusters (CL) : number count and distribution of clusters → dA(z), H(z), 

Structure formation (LSS)
❖ Integrated Sachs Wolf (ISW) effect : effect of evolving gravitational potential in 

large scale structures (with redshift)



❖ 1- Study the geometry of the universe (FLRW metric) - with a distance-redshift relation 
depending on the cosmological parameters (energy-matter densities)
❖ Standard candles : SNIa , gravitational sirenes (GW)…
❖ Standard ruler probes : BAO 

❖ 2- Study the dynamics of structure formation : observe the LSS form and evolve through 
cosmic time (redshift) 
❖ Matter distribution using tracers (LSS) or the gravitational potential through lensing 

❖ Statistical properties of matter distribution in the universe and its evolution with time 
(redshift) is one of the major tools/probes to test the cosmological model, determine its 
parameters: Dark matter and dark energy properties, neutrinos masses … 

❖ The analysis is often carried out using the correlation function (or the spatial or angular 
power spectrum P(k) , C(l) …

Cosmological probes (II)



SDSS-DR9 , Anderson et al  et al. 2012, arXiv:1203.6594

LSS : Power spectrum and different scales

14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

p
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥Bm(k/↵), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter ↵ as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
X

n

W (ki, kn)P (kn)m �W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2⌃2
nl/2 + 1, (34)

where the damping scale ⌃nl is a fitted parameter. We assume
a Gaussian prior on ⌃nl with width ±2h�1 Mpc, centred on
8.24h�1 Mpc for pre-reconstruction fits and 4.47h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33
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Foregrounds:

Extracting cosmological signal 

❖ Foregrounds, dominated by Milky Way synchrotron emission and radio 
sources are 1000-10000 brighter than the cosmological signal (1-10 K in 
cold parts of the sky, compared to <0.1 mK for the cosmological 21cm)Galactic foregrounds are ~ 104 X brighter 

than HI at z ~ 1!

Hydrogen signal
~ 0.1 mK

Jelic et al. 2008~ 700 MHz

Radio Galaxies
& Clusters
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Illustration copied from P. Timbie slides 

https://cosmology.lbl.gov/talks/Timbie_19.pdf


10 K 80 K Temp. T (Log-scale)

Signal HI : T21 < mK !

http://lambda.gsfc.nasa.gov/
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21 cm LSS + 
foregrounds

power law 
subtracted 

21 cm LSS signal

Wang et al. 2006 (EoR)
Ansari et al. (2012) - A&A

Shaw et al (2015) ApJ
Wolz et al. (2016) - MNRAS

Zuo et al. (2019) - AJ
+ many more !

• Exploit foregrounds smooth frequency 
dependence (power law ∝ ν^β) for Galactic 
synchrotron and radio sources  

• Instrumental effects (mode mixing), Polarisation 
leakage /Faraday rotation  …

Galactic synchrotron emission

http://lambda.gsfc.nasa.gov/


L=100 m array radio instrument 
➙ ang. resolution δθ ~ λ/L 
deteriorating with redshift z  
Spectral resolution 100 kHz 

➙ excellent  redshift precision δz/z ~ 10-4

•Mapping LSS  with 21cmIM  ➙ few arc min resolution is sufficient 
•➙ Large instantaneous field of view (FOV>few deg) and bandwidth (BW > 100 MHz)
•Use of dense interferometric arrays (small size reflectors) to insure high sensitivity to 

low k and large instantaneous FOV   
•Or a single dish with multi-beam focal plane receivers   
•  Instrument noise ( Tsys ) 
•  Foregrounds / radio sources and component separation 
•  Calibration, instrument stability, RFI …

z=0.5

z=1

z=28.5 Mpc

20 Mpc

45 Mpc

0.3 Mpc

0.3 Mpc

0.3 Mpc

z δθ dLOS (Mpc) H δd⊥ (Mpc) δd∥ (Mpc)
0,5 15’ 1945 90 8,5 ~0.3
1 20’ 3400 120 20 ~0.3
2 30’ 5320 200 45 ~0.3
3 40’ 6320 300 75 ~0.3 R. Ansari -  Jan 2022 



❖ Packed array transit interferometer  (chosen for most of the dedicated projects)
❖ Large instantaneous field of view → small individual reflector size (few meters)
❖ Large instantaneous bandwidth (400 MHz … 1 GHz)
❖ Large number of feeds: few hundreds to few thousands feeds and long observation 

(integration) time ➙ decrease projected noise level on sky 
❖ technological challenge : cost effective design and construction of large number of feeds and 

associated electronics, while maintaining uniformity, construction quality and performance
❖ Digital interferometry with such large arrays, technologically feasible through the use of 

FPGA + CPU/GPU’s 
❖ Feed cross-couplings and correlated noise 
❖ Instrument stability - bandpass smoothness and calibration 
❖ Phase calibration - Interferometry / beam forming 
❖ Individual feed beam response (simulation + on site measurements)  - side lobe issues 
❖ Array calibration : redundant baselines an advantage for calibration ✔︎
❖ Array grating lobes : disadvantage of regular arrays which perform poorly in terms of mode 

mixing  ✘

IM instrumental challenges (incomplete summary)

R. Ansari -  Jan 2022  (25)



FIG. 13. Constraints on the growth rate of structure, f�8, for the Stage II experiment assuming no priors on ⌦HI from external data but
modeling of the power spectrum in the mildly non linear regime using perturbation theory. Left panel: An optimistic foreground removal
scenario where only modes with k|| < 0.01 h/Mpc are lost and the wedge extends to the size of the primary beam. Different colors show
different choices for the smallest scales included in the forecast. Right Panel: A pessimistic case with only k|| > 0.1 h/Mpc modes available
and a wedge extending to three times the primary beam.

FIG. 14. Same data as in in Figure 13 for k < 0.75knl, but now plotted together with compendium of current constraints on f�8 (points; see
text). Lines are theoretical models: ⇤CDM is plotted with solid line while dashed is the modified gravity model described in the text with
vanishing effects at high redshift and an expansion history equal to that of ⇤CDM.

density averaged spheres of 8 h�1Mpc radius at z = 0. The ⇤CDM model, constrained by current CMB observations [74, 84],
predicts both �8(z) and f�8(z) at 2 < z < 6 to better than 0.5% (or about 1.1% if we allow neutrino masses to vary). This
provides a firm prediction which can be tested using precise observations at high z.

In 21 cm, the mean signal is unknown, so in effect linear redshift-space distortions instead measure the product ⌦HIf�8,
with ⌦HI being a nuisance parameter. However, there are three main ways to go around this limitation. The first is to use the
method of Ref. [67], namely measure the bias and brightness temperature from complementary data such as the Lyman-↵ forest,
where the sources relevant for 21 cm emission appear as individually detected hydrogen systems (for a summary of our current
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FIG. 9. Constraints on the distance-redshift relation(s) achievable with the BAO technique for some current experiments (empty symbols),
some up-coming experiments (based on [69]) and our Stage II experiment (based on [70]). This Figure is an adaptation of Figure 1 from [71].
Lines from top to bottom correspond to transverse, spherically averaged and radial BAO for best-fit Planck ⇤CDM model. 21 cm lines are for
foreground optimistic case but with no reconstruction.

These correlations have been successfully detected using galaxies, quasars and the Lyman-↵ forest [61–65]. In fact, due to
the large scales involved and the differential nature of the measurement (one or more peaks on top of a smooth background
signal), BAOs are among the most robust measurements in cosmology. Because the physics of early universe is well known,
and highly constrained by CMB observations, the BAO method provides a well-calibrated standard ruler [66]. With such a ruler
BAOs can robustly measure the comoving angular diameter distance, DM (z)/rd, using transverse modes and the expansion
rate, 1/H(z)rd, using radial modes; both as a function of redshift. For this reason current and future spectroscopic surveys
(e.g. [4, 61, 67] or Table I) have BAO as a major science driver. A measurement of BAOs at 2 < z < 6, complementary to the
next generation of experiments, is one of the scientific opportunities in our proposed Stage II experiment.

In Figure 9 we estimate constraints on the distance scale from a Stage II experiment. The forecasting was done using the
standard approach of Ref. [68], adapted for 21 cm measurements. In particular, at each redshift bin, we add the shot-noise and
thermal noise contribution at wavenumber k = 0.2h/Mpc to power spectrum, and convert these back to an effective number
density of sources. The results are largely independent of choice of fiducial k at which we do this conversion. Figure 9 shows
that current and next generation optical/IR experiments lose constraining power at z ' 2, while we forecast a Stage II 21 cm
experiment can map the expansion history with high precision all the way to up to the end of epoch of reionization (z ' 6).

The high precision achievable with a Stage II experiment is due in part to the very high number density of 21 cm sources,
which provide sample-variance limited measurements of the relevant scales. The 21 cm signal is dominated by numerous, small
galaxies with number densities greater than 10�2 h3Mpc�3. This can be compared to typical values for galaxy surveys which
are around 10�4

� 5 ⇥ 10�3 h3 Mpc�3 or less. We plot these numbers in the left panel of Figure 10. The effect of the thermal
noise of the system (which is not present in optical galaxy surveys) does lead to a decrease in the effective number density of
sources but for our Stage II survey this is a modest change. Provided foregrounds can be controlled, we are close to saturating
the information content in BAO that can be achieved over half the sky – no future BAO experiment could do significantly better
as illustrated in the right panel of 10.

2.4. Cosmic inventory in the pre-acceleration era

The measurements of the cosmic expansion history and distance-redshift relation described above constrain the abundance
and time evolution of the various components of the cosmic fluid. Radial BAO directly probe the expansion history, H(z), while
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Karagiannis et al,  arXiv:1911.03964
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 Many others (forecasts, 
phenomenology …) 
Random selection 

Santos et al,  arXiv:1501.03989

Villaescusa et al,  arXiv:1609.00019

Villaescusa et al,  arXiv:1804.09180

Witzemann et al,  arXiv:1711.02179

Chen et al,  arXiv:2010.07985

SKA-WG , Bacon et al. arXiv:1811.02743

Cosmic Visions  A. Slosar et al &RA , arXiv:1810.09572
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 21 cm 3D Intensity Mapping 

Single Dish
• Map the sky through drift-scan or by active scanning 

Dense Array Transit Interferometers
• Map the sky through drift-scan 
• Reconstruct sky map from visibilities 
• Visibilities correspond to transverse Fourier modes k⊥
• m-mode decomposition / map making with full EW scan
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Frequency

• Sys ~ 50 K , Foreground ~10K for an   
LSS signal ≲ 1 mK   (ratio 104 - 105 )  
• Stage I : 104 m2 , 103 feeds 
• Stage II : 105 m2 , 104 feeds
• 10 GB/s … 1000 GB/s raw visibility 
data @ 1 sec averaging

R. Ansari -  Jan 2022 


