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“A new project cannot 
be incremental…”



“Measure all the modes!”



But how? And what 
does that get us?



For now, a lot of the details 
don’t matter…

CHIME HERA





Next steps



Keep going with the current 
instruments

COPSS GBT



R&D in conjunction with better 
understanding of systematics

• Enhanced simulations and hardware 
development 

• High data rates; high throughput computing 
leveraging DoE HEP expertise? 

• Next-generation correlator technology 
leveraging DoE understanding of radio 
frequency tech? 

• Real-time ionospheric calibration?



“Instrument agnostic” forecasts given 
unique properties of 21cm and intensity 

mapping

• Given a noisy map (from HI, CO, …) with “infinite” 
radial resolution from 2 < z < 6, what does that 
mean for our ability to measure power spectrum, 
bispectrum, … 

• Given specific measurements of P(k) with no 
overall normalization, what can we say about early 
dark energy? About         ? About          ? What 
could we measure in conjunction with CMB-S4?

fNLNe↵



“Instrument agnostic” forecasts given 
unique properties of 21cm and intensity 

mapping

• Higher redshifts: 

• Is reionization/astrophysics actually irrelevant 
to cosmological science cases? HERA funded: 
primarily a reionization experiment, but could try for 

• Same “instrument agnostic” forecasts for pre-
reionization redshifts. What’s the argument besides a 
new redshift regime and more modes?

⌧



What about the SKA?



The SKA is an observatory, 
not an targeted experiment
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12 B. Greig et al.

Observing strategy Parameter x̄H I

(with/without modelling uncertainty) ⇣0 Rmfp (Mpc) log10(Tmin
vir ) z = 8 z = 9 z = 10

100 deg2 @ 1000 h (without) 30.66+1.20
�1.11 15.94+1.77

�1.42 4.49+0.02
�0.02 0.48+0.01

�0.01 0.71+0.01
�0.01 0.84+0.01

�0.01

1000 deg2 @ 100 h (without) 30.25+1.02
�1.07 15.43+0.31

�1.03 4.48+0.02
�0.02 0.48+0.01

�0.01 0.70+0.01
�0.01 0.83+0.01

�0.01

10 000 deg2 @ 10 h (without) 28.71+0.96
�0.82 14.22+0.22

�0.19 4.43+0.02
�0.02 0.47+0.01

�0.01 0.69+0.01
�0.01 0.82+0.01

�0.01

100 deg2 @ 1000 h (with 10 per cent) 30.68+2.44
�2.18 15.49+2.21

�1.94 4.49+0.05
�0.05 0.48+0.02

�0.02 0.71+0.01
�0.01 0.84+0.01

�0.01

1000 deg2 @ 100 h (with 10 per cent) 30.62+2.68
�2.33 15.12+1.95

�1.66 4.49+0.06
�0.06 0.49+0.02

�0.02 0.71+0.01
�0.01 0.84+0.01

�0.01

10 000 deg2 @ 10 h (with 10 per cent) 30.70+3.44
�2.84 14.96+2.05

�1.69 4.49+0.07
�0.07 0.48+0.02

�0.02 0.71+0.02
�0.02 0.84+0.01

�0.01

100 deg2 @ 1000 h (with 25 per cent) 31.68+6.08
�4.45 14.81+2.90

�3.04 4.51+0.11
�0.11 0.49+0.04

�0.04 0.71+0.03
�0.03 0.84+0.02

�0.02

1000 deg2 @ 100 h (with 25 per cent) 31.84+6.00
�4.56 14.87+2.90

�3.00 4.51+0.11
�0.11 0.49+0.04

�0.04 0.71+0.03
�0.03 0.84+0.02

�0.02

10 000 deg2 @ 10 h (with 25 per cent) 32.10+6.87
�4.97 14.81+2.91

�3.01 4.52+0.12
�0.12 0.49+0.05

�0.04 0.71+0.03
�0.03 0.84+0.02

�0.02

Table 2. Summary of the median recovered values (and associated 16th and 84th percentile errors) for our three EoR model parameters,
⇣0, Rmfp and T

min
vir and the associated IGM neutral fraction, x̄H I

for all considered observing strategies (with a 10 and 25 per cent
modelling uncertainty and without a modelling uncertainty). Our fiducial parameter set is (⇣0, Rmfp, log10T

min
vir ) = (30, 15 Mpc, 4.48)

which results in an IGM neutral fraction of x̄H I

= 0.48, 0.71, 0.83 at z = 8, 9 and 10 respectively.

Instrument Parameter (% error)

(multi-z) ⇣
⇣
fid

R
mfp

R
fid,mfp

log
10

(Tmin

vir

)

log
10

(Tmin

vir,fid)

LOFAR 1.32 (40.38) 1.03 (20.06) 1.05 (5.43)

HERA 1.03 (11.81) 1.00 (11.99) 1.00 (1.95)

SKA 1.02 (6.11) 1.00 (10.04) 1.00 (0.96)

Table 3.

pletely overwhelming any potential gains by shortening the
observing times (decreasing the cosmic variance). In e↵ect,
all observing strategies now have the same sensitivity to the
21 cm PS on large scales. On smaller scales, the decreased
thermal noise contribution from the deep and medium-deep
surveys relative to the shallow survey ensures these are pre-
ferred for recovering the EoR constraints in the presence
of a modelling uncertainty. However, as noted in GM15,
increased sensitivity on small scales does not significantly
aid EoR constraints across multiple epoch observations, as
the reionisation history is still adequately sampled from the
large-scales.

Finally, as in Section 4.1, with SKA1–low we can com-
bine all three observing strategies to provide improved over-
all constraints on our EoR parameters. In the case of our
25 (10) per cent modelling uncertainty, we then find the im-
proved constraints of 10.5 (4.9) per cent on ⇣, 10.7 (6.9)
per cent on Rmfp and 1.4 (0.7) per cent on log10T

min
vir . This

highlights the importance of being able to accurately model
the astrophysics of the EoR process. Although, EoR model
dependent, we find up to a factor of 4-5 (2-3) reduction in
the overall fractional precision of the EoR model parameters
for our 25 (10) per cent modelling uncertainty, respectively.
This exemplifies the critical need to further increase and de-
velop our understanding of the modelling of the EoR physics,
in preparation for the quality of data expected from second
generation experiments such as SKA1–low and HERA.

As eluded to previously, our discussions have focused
solely on the recovery of EoR constraints from the 21 cm
PS. While beyond the scope of this current work, constraints

on the EoR model parameters could be further improved by
considering alternative statistics of the 21 cm signal. These
statistics, such as the bispectrum (e.g. Shimabukuro et al.
2015) and other non-Gaussian probes of the 21 cm signal,
would likely benefit from increased sensitivity to small and
intermediate scales and in turn could be more descriptive
statistics than the 3D spherically average 21 cm PS.

5 CONCLUSION

The reionisation epoch is astrophysics rich, probing the
growth, formation and evolution of the first stars and galax-
ies and their physical impact on the IGM ionisation state
and temperature. With this epoch most readily observed
by the redshifted 21 cm hyperfine transition of neutral hy-
drogen, dedicated radio interferometers, such as SKA1–low
should be able, in the near future, to tap into this rich source
of information. For this, it is of vital importance to further
improve our ability to numerically model these complex pro-
cesses to extract as much information as possible from these
sensitive observations. However, it is just as important that
these instruments are tuned and optimised to yield as high
quality a detection of the EoR epoch as possible.

Using the MCMC based EoR analysis tool 21CMMC

(Greig & Mesinger 2015), we explored the optimisation of
SKA1–low. Recently, a generalised final design for SKA1–
low was announced, outlining a ⇠130 000 dipole antenna
array, a 50 per cent reduction of the originally planned first
stage instrument. Therefore we explored how best to dis-
tribute these available resources to optimise SKA1–low for
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Observing strategy Parameter x̄H I

(with/without modelling uncertainty) ⇣0 Rmfp (Mpc) log10(Tmin
vir ) z = 8 z = 9 z = 10

100 deg2 @ 1000 h (without) 30.66+1.20
�1.11 15.94+1.77

�1.42 4.49+0.02
�0.02 0.48+0.01

�0.01 0.71+0.01
�0.01 0.84+0.01

�0.01

1000 deg2 @ 100 h (without) 30.25+1.02
�1.07 15.43+0.31

�1.03 4.48+0.02
�0.02 0.48+0.01

�0.01 0.70+0.01
�0.01 0.83+0.01

�0.01

10 000 deg2 @ 10 h (without) 28.71+0.96
�0.82 14.22+0.22

�0.19 4.43+0.02
�0.02 0.47+0.01

�0.01 0.69+0.01
�0.01 0.82+0.01

�0.01

100 deg2 @ 1000 h (with 10 per cent) 30.68+2.44
�2.18 15.49+2.21

�1.94 4.49+0.05
�0.05 0.48+0.02

�0.02 0.71+0.01
�0.01 0.84+0.01

�0.01

1000 deg2 @ 100 h (with 10 per cent) 30.62+2.68
�2.33 15.12+1.95

�1.66 4.49+0.06
�0.06 0.49+0.02

�0.02 0.71+0.01
�0.01 0.84+0.01

�0.01

10 000 deg2 @ 10 h (with 10 per cent) 30.70+3.44
�2.84 14.96+2.05

�1.69 4.49+0.07
�0.07 0.48+0.02

�0.02 0.71+0.02
�0.02 0.84+0.01

�0.01

100 deg2 @ 1000 h (with 25 per cent) 31.68+6.08
�4.45 14.81+2.90

�3.04 4.51+0.11
�0.11 0.49+0.04

�0.04 0.71+0.03
�0.03 0.84+0.02

�0.02

1000 deg2 @ 100 h (with 25 per cent) 31.84+6.00
�4.56 14.87+2.90

�3.00 4.51+0.11
�0.11 0.49+0.04

�0.04 0.71+0.03
�0.03 0.84+0.02

�0.02

10 000 deg2 @ 10 h (with 25 per cent) 32.10+6.87
�4.97 14.81+2.91

�3.01 4.52+0.12
�0.12 0.49+0.05

�0.04 0.71+0.03
�0.03 0.84+0.02

�0.02

Table 2. Summary of the median recovered values (and associated 16th and 84th percentile errors) for our three EoR model parameters,
⇣0, Rmfp and T

min
vir and the associated IGM neutral fraction, x̄H I

for all considered observing strategies (with a 10 and 25 per cent
modelling uncertainty and without a modelling uncertainty). Our fiducial parameter set is (⇣0, Rmfp, log10T

min
vir ) = (30, 15 Mpc, 4.48)

which results in an IGM neutral fraction of x̄H I

= 0.48, 0.71, 0.83 at z = 8, 9 and 10 respectively.

Instrument Parameter (% error)

(multi-z) ⇣
⇣
fid

R
mfp

R
fid,mfp

log
10

(Tmin

vir

)
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(Tmin

vir,fid)

LOFAR 1.32 (40.38) 1.03 (20.06) 1.05 (5.43)

HERA 1.03 (11.81) 1.00 (11.99) 1.00 (1.95)

SKA 1.02 (6.11) 1.00 (10.04) 1.00 (0.96)

Table 3.

pletely overwhelming any potential gains by shortening the
observing times (decreasing the cosmic variance). In e↵ect,
all observing strategies now have the same sensitivity to the
21 cm PS on large scales. On smaller scales, the decreased
thermal noise contribution from the deep and medium-deep
surveys relative to the shallow survey ensures these are pre-
ferred for recovering the EoR constraints in the presence
of a modelling uncertainty. However, as noted in GM15,
increased sensitivity on small scales does not significantly
aid EoR constraints across multiple epoch observations, as
the reionisation history is still adequately sampled from the
large-scales.

Finally, as in Section 4.1, with SKA1–low we can com-
bine all three observing strategies to provide improved over-
all constraints on our EoR parameters. In the case of our
25 (10) per cent modelling uncertainty, we then find the im-
proved constraints of 10.5 (4.9) per cent on ⇣, 10.7 (6.9)
per cent on Rmfp and 1.4 (0.7) per cent on log10T

min
vir . This

highlights the importance of being able to accurately model
the astrophysics of the EoR process. Although, EoR model
dependent, we find up to a factor of 4-5 (2-3) reduction in
the overall fractional precision of the EoR model parameters
for our 25 (10) per cent modelling uncertainty, respectively.
This exemplifies the critical need to further increase and de-
velop our understanding of the modelling of the EoR physics,
in preparation for the quality of data expected from second
generation experiments such as SKA1–low and HERA.

As eluded to previously, our discussions have focused
solely on the recovery of EoR constraints from the 21 cm
PS. While beyond the scope of this current work, constraints

on the EoR model parameters could be further improved by
considering alternative statistics of the 21 cm signal. These
statistics, such as the bispectrum (e.g. Shimabukuro et al.
2015) and other non-Gaussian probes of the 21 cm signal,
would likely benefit from increased sensitivity to small and
intermediate scales and in turn could be more descriptive
statistics than the 3D spherically average 21 cm PS.

5 CONCLUSION

The reionisation epoch is astrophysics rich, probing the
growth, formation and evolution of the first stars and galax-
ies and their physical impact on the IGM ionisation state
and temperature. With this epoch most readily observed
by the redshifted 21 cm hyperfine transition of neutral hy-
drogen, dedicated radio interferometers, such as SKA1–low
should be able, in the near future, to tap into this rich source
of information. For this, it is of vital importance to further
improve our ability to numerically model these complex pro-
cesses to extract as much information as possible from these
sensitive observations. However, it is just as important that
these instruments are tuned and optimised to yield as high
quality a detection of the EoR epoch as possible.

Using the MCMC based EoR analysis tool 21CMMC

(Greig & Mesinger 2015), we explored the optimisation of
SKA1–low. Recently, a generalised final design for SKA1–
low was announced, outlining a ⇠130 000 dipole antenna
array, a 50 per cent reduction of the originally planned first
stage instrument. Therefore we explored how best to dis-
tribute these available resources to optimise SKA1–low for

c� 0000 RAS, MNRAS 000, 000–000

G
re

ig
 &

 M
es

in
ge

r



The SKA is an observatory, 
not an targeted experiment



Summary
• 21cm / Intensity mapping has unique survey 

properties. Perform instrument-agnostic forecasts 
for now, respecting these properties. 

• Near-term R&D efforts, particularly to understand 
systematics. 

• Optimized instruments have the potential to get to 
science more quickly and precisely than the SKA.


