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But what can we learn about reionsation?

• Current constraints: 
- Integral constraints from the CMB (Planck) 
- Measurements on the IGM neutral fraction at z ~ 6

• Current and future 21 cm experiments: 
- LOFAR, PAPER, MWA 
- SKA, HERA

3. CONSTRAINTS ON THE CONTRIBUTION OF �z 10
GALAXIES TO EARLY REIONIZATION

By using the parameterized model of MD 14 to fit the cosmic
SFR histories and applying a simple analytical model of the
reionization process, we have demonstrated that SFR histories
consistent with the observed S z( )SFR integrated to

� �L L0.001min reproduce the observed Planck τ while
simultaneously matching measures of the IGM neutral fraction
at redshifts 1 1z6 8. As Figure 1 makes apparent, the
parameterized model extends the inferred SFR history to
�z 10, beyond the reach of current observations. Correspond-

ingly, these galaxies supply a non-zero rate of ionizing photons
that enable the Thomson optical depth to slowly increase
beyond _z 10 (see Figure 2). We can therefore ask whether a
connection exists between S �z( 10)SFR and the observed
value of τ under the assumption that star-forming galaxies
control the reionization process.

Figure 4 shows samples from the likelihood function of our
model parameters given the S z( )SFR and τ empirical constraints
that indicate the mean SFR density S� §SFR (averaged over

1 1z10 15) as a function of the total Thomson optical depth
τ. The properties S� §SFR and τ are tightly related, such that the
linear fit

S Ux � � � �☉( )M0.344( 0.06) 0.00625 yr Mpc (6)SFR
1 3

provides a good description of their connection (dashed line).
For reference, the likelihood samples shown in Figure 4
indicate the corresponding redshift of instantaneous reioniza-
tion zreion via color coding.
Given that the SFR density is supplied by galaxies that are

luminous in their rest-frame UV, we can also connect the
observed τ to the abundance of star-forming galaxies at 2z 10.
This quantity holds great interest for future studies with JWST,
as the potential discovery and verification of distant galaxies
beyond �z 10 has provided a prime motivation for the
observatory. The 5σ sensitivity of JWST at 2 μm in a �t 104 s
exposure is xm 29.5AB .7 At _z 10, this sensitivity corre-
sponds to a UV absolute magnitude of x �M 18UV . Extra-
polating the SFR density to �z 10 and using the shape of the
LF at ⩾z 9, we estimate that _ �N 0.5 arcmin 2 galaxies at
�z 10 will be present at apparent magnitudes of �m 29.5AB

at λ = 2 μm. Deep observations with JWST over _10 arcmin2

may therefore find25 candidates at �z 10 (see also Behroozi
& Silk 2015). Returning to Figure 1, we can see the impact of
the reduced value of τ by comparing the Planck and WMAP
curves beyond �z 10.

4. DISCUSSION

The lower value of the optical depth τ of Thomson scattering
reported by the Planck Collaboration et al. (2015) strengthens
the likelihood that early star-forming galaxies dominated the
reionization process, as our model can simultaneously match
the observed SFR history (Figure 1) over � �z6 10, the
integrated value of τ (Figure 2), and recent constraints on the
IGM neutral fraction over z ; 6 − 8 (Figure 3).
A state-of-the-art reionization analysis by Choudhury et al.

(2014) used the distribution of Lyα equivalent widths, the IGM
photoionization rate, and the mean free path of ionizing
photons to also conclude that reionization likely completed at
_z 6, with a corresponding U x 0.07 (see also Robertson

et al. 2013). With Planck now favoring U x 0.066 and
informed by a full accounting of available constraints on the
SFR history, we have reached similar conclusions using
different empirical inputs.
Our modeling makes some simplifying assumptions, adopt-

ing a constant escape fraction �f 0.2esc , IGM clumping factor
xC 3, and Lyman continuum production efficiency for early

stellar populations. In Robertson et al. (2013), we examined
these assumptions carefully and tested more complex models,
e.g., with the evolving escape fraction required to match the
IGM photoionization rates at �z 6 (e.g., Becker & Bol-
ton 2013). These assumptions influence the computation of τ
and QHII but do not affect the inferred SFR history in Figure 1.
Our conclusion that 1z 10 galaxies can account for the Planck
τ relies on extrapolating LFs below observed limits and a
higher escape fraction than at a lower redshift. If galaxies are
less efficient ionizers, more �z 10 star formation would be
permitted. However, Robertson et al. (2013) already demon-
strated such an ionizing efficiency is required to maintain a
highly ionized IGM at _z 7 (Figure 3).
The “excess” value of τ above that provided by galaxies at
�z 10 measures SSFR at �z 10. Equation (6) and the Planck

1σ upper limit on τ provide an upper limit of
S � :1z M( 10) 0.013SFR yr−1 Mpc−3. This provides the first

Figure 3. Measures of the neutrality � Q1 HII of the intergalactic medium as a
function of redshift. Shown are the observational constraints compiled by
Robertson et al. (2013), updated to include recent IGM neutrality estimates
from the observed fraction of Lyα emitting galaxies (Pentericci et al. 2014;
Schenker et al. 2014), constraints from the Lyα of GRB host galaxies
(Chornock et al. 2013), and inferences from dark pixels in Lyα forest
measurements (McGreer et al. 2015). The evolving IGM neutral fraction
computed by the model is also shown (red region is the 68% credibility
interval; white line is the ML model). While these data are not used to constrain
the models, they are nonetheless remarkably consistent. The bottom panel
shows the IGM neutral fraction near the end of the reionization epoch, where
the presented model fails to capture the complexity of the reionization process.
For reference, we also show the corresponding inferences calculated from
Robertson et al. (2013; blue region) and a model forced to reproduce the
WMAP τ (orange region).

7 See http://www.stsci.edu/jwst/instruments/nircam/sensitivity/table.
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• What will these actually provide? 
• How do we interpret the data? 
!
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Planck collaboration (2015)

Statistical approach for the CMB

• Temperature fluctuations 
in the CMB are sensitive 
to the underlying physics 
of the ΛCDM model 
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Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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Planck collaboration (2015)

• Temperature fluctuations 
in the CMB are sensitive 
to the underlying physics 
of the ΛCDM model 

• Exquisite data enables 
precise estimates of the 
signal statistics

Statistical approach for the CMB
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Planck collaboration (2015)

• Temperature fluctuations 
in the CMB are sensitive 
to the underlying physics 
of the ΛCDM model 

• Exquisite data enables 
precise estimates of the 
signal statistics 

• Through Bayesian 
sampling can recover 
constraints on the 
underlying cosmology

Statistical approach for the CMBPlanck Collaboration: Cosmological parameters
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Fig. 6. Comparison of the base ⇤CDM model parameter constraints from Planck temperature and polarization data.

and HFI 353 GHz maps as polarized synchrotron and dust tem-
plates, respectively. These cleaned maps form the polarization
part (“lowP’ ) of the low multipole Planck pixel-based likeli-
hood, as described in Planck Collaboration XI (2015). The tem-
perature part of this likelihood is provided by the Commander
component separation algorithm. The Planck low multipole like-
lihood retains 46 % of the sky in polarization and is completely
independent of the WMAP polarization likelihood. In combina-
tion with the Planck high multipole TT likelihood, the Planck
low multipole likelihood gives ⌧ = 0.078 ± 0.019. This con-
straint is somewhat higher than the constraint ⌧ = 0.067 ± 0.022
derived from the Planck low multipole likelihood alone (see
Planck Collaboration XI 2015, and also Sect. 5.1.2).

Following the 2013 analysis, we have used the 2015 HFI
353 GHz polarization maps as a dust template, together with the
WMAP K-band data as a template for polarized synchrotron
emission, to clean the low-resolution WMAP Ka, Q, and V
maps (see Planck Collaboration XI 2015, for further details). For
the purpose of cosmological parameter estimation, this dataset
is masked using the WMAP P06 mask that retains 73 % of
the sky. The noise-weighted combination of the Planck 353-
cleaned WMAP polarization maps yields ⌧ = 0.071 ± 0.013
when combined with the Planck TT information in the range
2  ` <⇠ 2508, consistent with the value of ⌧ obtained from
the LFI 70 GHz polarization maps. In fact, null tests described
in Planck Collaboration XI (2015) demonstrate that the LFI and
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Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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What about for 21 cm?

• Simulated light-cone of the expected 21 cm brightness temperature fluctuations 
• Sensitive to reionisation astrophysics 

- Mean free path of IGM, ionising efficiency, IMF, escape fraction, … 

!
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• Simulated light-cone of the expected 21 cm brightness temperature fluctuations 
• Sensitive to reionisation astrophysics 
• Straightforward to recover statistics of the 21 cm (e.g PS) 
!
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• Simulated light-cone of the expected 21 cm brightness temperature fluctuations 
• Sensitive to reionisation astrophysics 
• Straightforward to recover statistics of the 21 cm (e.g PS) 
• Infer reionisation astrophysics in a Bayesian framework? 
!
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21CMMC
• Massively parallel MCMC driver for the EoR simulation code 21CMFAST 
• 21CMFAST provides: 

- full 3D EoR simulations at a fraction of the computing cost of RT simulations 
- preserves the 3D structure of reionisation (superior to analytic models of EoR) 

• Uses a modified version of the Python module CosmoHammer (Akeret et 
al. 2013) using the EMCEE sampler (Foreman-Mackey et al. 2013) 

• Recovers astrophysical parameter constraints from any model of the EoR 
for any statistical measure of the 21 cm signal

21CMFAST 963

Figure 7. δTb maps. The slices are generated from the hydrodynamic simulation, DEXM (MF07), and 21CMFAST, left to right columns. All slices are 143 Mpc on
a side and 0.56-Mpc thick, and correspond to (z, x̄H I) = (9.00, 0.86), (7.73, 0.65), (7.04, 0.38) and (6.71, 0.20), top to bottom.
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Mesinger et al. (2007)

Hydro + N-Body + RT 21CMFAST

~ few days on  
1536 cores

~ few minutes on 
a single core

L = 100 h-1 Mpc 

Resolution = 7683
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Modelling the EoR within 21CMMC

• Consider a simple, 3 parameter 
empirical model for EoR 
- ζ0: Constant ionising efficiency 
- Rmfp: Mean free path 
- Tvir      : Minimum mass threshold for 
star-forming haloes

Feed

BG & Mesinger (2015)

• Assumes a single population 
of ionising galaxies
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Characterising the EoR
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Constraints from a mock 21 cm observation

BG & Mesinger (2015)
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• Combining 3 coeval 
cubes at z = 8, 9 and 10 

• 250 Mpc box 
• 1000hr on sky integration

• 25% modelling uncertainty 
- approximations in simulations 
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BG & Mesinger (2015)

Generalised model of reionisation
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Behaviour of the UV LF faint end

BG & Mesinger (2015)
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Generalised model of reionisation

• A 5 parameter empirical model 
- ζ0: Normalisation of ionising 
efficiency 

- Rmfp: Mean free path 
- Tvir      : Minimum mass threshold for 
star-forming haloes 

- α: ionising efficiency feedback 
regulated slope 

- β: ionising efficiency star-forming 
slope

BG & Mesinger (2015)

• Assumes two populations of 
ionising galaxies

Feed
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Constraints from a mock 21 cm observation

BG & Mesinger (2015)

• Combining 3 coeval 
cubes at z = 8, 9 and 10 

• 250 Mpc box 
• 1000hr on sky integration
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Other applications?
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Optimisation studies for SKA1-Low

BG, Mesinger & Koopmans, in prep.

• What is the optimal observing 
strategy for recovery of EoR 
astrophysical parameters 
from the 21 cm PS? 
!

• Consider three strategies 
- 100 sq. deg @ 1000 hr 
- 1000 sq. deg @ 100 hr  
- 10000 sq. deg @ 10 hr 
!

• Trade-off between thermal 
noise and sample variance
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Interpreting existing observations

!
• To what extent can existing 

observations constrain reionisation? 
• For example, consider the 

reionisation history of our 3 
parameter EoR model 

• First, consider Planck (favours 
delayed reionisation)

BG & Mesinger, in prep.
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• Previous approaches:                       
Choudhury & Ferrara (2005), Barkana 
(2009), Mesinger et al., Zahn et al., Harker 
et al., Morandi & Barkana (2012), Mesinger 
et al. (2013), Patil et al., Pober et al. (2014) 

• We MCMC sample full 3D simulations
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Interpreting existing observations

BG & Mesinger, in prep.

!
• To what extent can existing 

observations constrain reionisation? 
• For example, consider the 

reionisation history of our 3 
parameter EoR model 

• McGreer et al. (2015) priors on tail-
end of reionisation (prefers earlier 
reionisation)
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• Previous approaches:                       
Choudhury & Ferrara (2005), Barkana 
(2009), Mesinger et al., Zahn et al., Harker 
et al., Morandi & Barkana (2012), Mesinger 
et al. (2013), Patil et al., Pober et al. (2014) 

• We MCMC sample full 3D simulations
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Interpreting existing observations
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BG & Mesinger, in prep.

!
• To what extent can existing 

observations constrain reionisation? 
• For example, consider the 

reionisation history of our 3 
parameter EoR model 

• Combined constraints provide 
significantly tighter constraints on the 
EoR 

• What about further constraints? (e.g. 
LAEs, Lyα forest, GRBs, kSZ etc.)

• Previous approaches:                       
Choudhury & Ferrara (2005), Barkana 
(2009), Mesinger et al., Zahn et al., Harker 
et al., Morandi & Barkana (2012), Mesinger 
et al. (2013), Patil et al., Pober et al. (2014) 

• We MCMC sample full 3D simulations
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Other Applications of 21CMMC?

• Inferring the IGM temperature from PAPER-64 (BG, Mesinger & Pober, in 
prep.) 

• Alternative statistics of the 21 cm signal 
• Optimising foreground cleaning algorithms 
• 21 cm imaging 
• Investigating synergies with other observational probes 
• And many more
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Conclusions

• We have introduced the EoR MCMC analysis tool 21CMMC 
• First MCMC code to sample full 3D simulations of the EoR 
• Provides astrophysical parameter constraints on any EoR model, 

recovered from any statistical measure of the 21 cm signal 
• Broad applicability to an extensive range of topics for exploring the 

astrophysics of reionisation 
• Will be publicly available by the end of the year


