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But what can we learn about reionsation?

• Current constraints: 
- Integral constraints from the CMB (e.g.    , kSZ) 
- Constraints/limits on the IGM neutral fraction at z ~ 6-7

⌧e
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Electron Scattering Optical depth

• CMB temperature anisotropies are damped by the ionised IGM 
• Integrate over the column of free electrons

Planck Collaboration: Planck constraints on reionization history

(VHL) and the Planck lensing likelihood, as described in
Planck Collaboration XV (2016).

The di↵erent data sets show compatible constraints on the
optical depth ⌧. The comparison between posteriors indicates
that the optical depth measurement is driven by the low-` like-
lihood in polarization (i.e., lollipop). The Planck constraints
on ⌧ for a ⇤CDM model when considering the standard “instan-
taneous” reionization assumption (symmetric model with fixed
�z = 0.5), for the various data combinations are:

⌧ = 0.053+0.014
�0.016 , lollipop

6 ; (4)

⌧ = 0.058+0.012
�0.012 , lollipop+PlanckTT ; (5)

⌧ = 0.058+0.011
�0.012 , lollipop+PlanckTT+lensing ; (6)

⌧ = 0.054+0.012
�0.013 , lollipop+PlanckTT+VHL . (7)

We can see an improvement of the posterior width when adding
temperature anisotropy data to the lollipop likelihood. This
comes from the fact that the temperature anisotropies help to fix
other ⇤CDM parameters, in particular the normalization of the
initial power spectrum As, and its spectral index, ns. CMB lens-
ing also helps to reduce the degeneracy with As, while getting
rid of the tension with the phenomenological lensing parameter
AL when using PlanckTT only (see Planck Collaboration XIII
2016), even if the impact on the error bars is small. Comparing
the posteriors in Fig. 6 with the constraints from PlanckTT alone
(see figure 45 in Planck Collaboration XI 2016) shows that in-
deed, the polarization likelihood is su�ciently powerful that it
breaks the degeneracy between ns and ⌧. The impact on other
⇤CDM parameters is small, typically below 0.3� (as shown
more explicitly in Appendix B). The largest changes are for
⌧ and As, where the lollipop likelihood dominates the con-
straint. The parameter �8 shifts towards slightly smaller val-
ues by about 1�. This is in the right direction to help resolve
some of the tension with cluster abundances and weak galaxy
lensing measurements, discussed in Planck Collaboration XX
(2014) and Planck Collaboration XIII (2016); however, some
tension still remains.

Combining with VHL data gives compatible results, with
consistent error bars. The slight shift toward lower ⌧ value (by
0.3�) is related to the fact that the PlanckTT likelihood alone
pushes towards higher ⌧ values (see Planck Collaboration XIII
2016), while the addition of VHL data helps to some extent in
reducing the tension on ⌧ between high-` and low-` polarization.

As mentioned earlier, astrophysics constraints from mea-
surements of the Gunn-Peterson e↵ect provide strong evidence
that the IGM was highly ionized by a redshift of z ' 6. This
places a lower limit on the optical depth (using Eq. 1), which
in the case of instantaneous reionization in the standard ⇤CDM
cosmology corresponds to ⌧ = 0.038.

4.2. Kinetic Sunyaev-Zeldovich effect

The Thomson scattering of CMB photons o↵ ionized elec-
trons induces secondary anisotropies at di↵erent stages of the
reionization process. In particular, we are interested here in
the e↵ect of photons scattering o↵ electrons moving with bulk
velocity, which is called the “kinetic Sunyaev Zeldovich” or
kSZ e↵ect. It is common to distinguish between the “homoge-
neous” kSZ e↵ect, arising when the reionization is complete
(e.g., Ostriker & Vishniac 1986), and “patchy” (or inhomoge-
neous) reionization (e.g., Aghanim et al. 1996), which arises

6In this case only, other⇤CDM parameters are held fixed, including
As exp (�2⌧).

Fig. 5. Posterior distribution for ⌧ from the various combinations
of Planck data. The grey band shows the lower limit on ⌧ from
the Gunn-Peterson e↵ect.

Fig. 6. Constraints on ⌧, As, ns, and �8 for the ⇤CDM cosmol-
ogy from PlanckTT, showing the impact of replacing the lowP
likelihood from Planck 2015 release with the new lollipop
likelihood. The top panels show results without lensing, while
the bottom panels are with lensing.

during the process of reionization, from the proper motion of
ionized bubbles around emitting sources. These two compo-
nents can be described by their power spectra, which can be
computed analytically or derived from numerical simulations. In
Planck Collaboration XI (2016), we used a kSZ template based
on homogeneous simulations, as described in Trac et al. (2011).

In the following, we assume that the kSZ power spectrum is
given by

DkSZ
` = Dh�kSZ

` +Dp�kSZ
` , (8)

whereD` = `(` + 1)C`/2⇡ and the superscripts “h-kSZ” and “p-
kSZ” stand for “homogeneous” and “patchy” reionization, re-
spectively. For the homogeneous reionization, we use the kSZ
template power spectrum given by Shaw et al. (2012) calibrated
with a simulation that includes the e↵ects of cooling and star-
formation (which we label “CSF”). For the patchy reionization
kSZ e↵ect we use the fiducial model of Battaglia et al. (2013).

7

Planck Collaboration XLVII (2016) 

⌧e = 0.058± 0.012 zre = 8.5+1.00
�1.01 (uniformprior)
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Constraints on reionisation from bright objects

• Vast majority of reionisation 
constraints/limits arise from 
observations of bright objects 

• Either LAEs or QSOs 
• Must infer by what degree 

these objects have been 
attenuated by the neutral IGM



Brad Greig, 22nd Nov, UoM Astrophysics Seminar
Fan+(2006) 

• Lyα forest saturates at z > 5 
• Require neutral hydrogen 

fractions of only 10-3 - 10-4

Attenuation of Lyα by the neutral IGM
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Figure 4: The black solid line in top panel shows the Ly↵ absorption cross section, �

↵

(x), at a gas
temperature of T = 104 K as given by the Voigt function (Eq 15). This Figure shows that the absorption
cross section is described accurately by a Gaussian profile (red dashed line) in the ‘core’ at |x| < xcrit ⇠ 3.2
(or |�v| < 40 km s�1), and by a Lorentzian profile in the ‘wing’ of the line (blue dotted line). The Voigt
profile is only an approximate description of the real absorption profile. Another approximation includes
the ‘Rayleigh’ approximation (grey solid line, see text). The green dotted line shows the absorption profile
resulting from a full quantum mechanical calculation (Lee 2013). The di↵erent cross sections are compared
in the lower panel, which highlights that the main di↵erences arise only far in the wings of the line.

where P ⌘ hE�,ioni/13.6 eV, in which hE�,ioni de-
notes the mean energy of ionising photons7. Further-
more, fcoll ⌘

1+anHI
b+cnHI

, in which a = 1.62 ⇥ 10�3, b =

1.56, c = 1.78 ⇥ 10�3, and nHI denotes the number
of density of hydrogen nuclei. Eq 14 resembles the
‘standard’ equation, but replaces the factor 0.68 with
Pfcoll, which can exceed unity. Eq 14 implies that
for a fixed IMF, the Ly↵ luminosity may be boosted
by a factor of a few. Incredibly, for certain IMFs the
Ly↵ line may contain 40% of the total bolometric lu-
minosity of a galaxy, which corresponds to a rest frame
EW⇠ 4000 Å.

We point out that the collisional processes dis-
cussed here are distinct from the collisional-excitation
process discussed above (in § 3.2), as they do not di-

rectly produce Ly↵ photons. Instead, they boost the
number of Ly↵ photons that we can produce per ion-
ising photon.

4 Ly↵ Radiative Transfer Ba-
sics

Ly↵ radiative transfer consists of absorption followed
by (practically) instant reemission, and hence closely
resembles pure scattering. Here, we review the basic
radiative transfer that is required to understand why
& how Ly↵ emitting galaxies probe the EoR.

7That is, hE�,ioni ⌘ h

R1
13.6 eV d⌫f(⌫)R1

13.6 eV d⌫f(⌫)/⌫
, where f(⌫) de-

notes the flux density.

It is common to express the frequency of a pho-
ton ⌫ in terms of the dimensionless variable x ⌘ (⌫ �

⌫↵)/�⌫D. Here, ⌫↵ = 2.46 ⇥ 1015 Hz denotes the fre-
quency corresponding the Ly↵ resonance, and �⌫D ⌘

⌫↵
p

2kT/mpc2 ⌘ ⌫↵vth/c. Here, T denotes the tem-
perature of the gas that is scattering the Ly↵ radiation,
and vth denotes the thermal speed.

4.1 The Cross Section

The frequency dependence of the Ly↵ absorption cross-
section, �↵(x), is described well by a Voigt function.
That is

�↵(x) = �0 ⇥
av

⇡

Z +1

�1
dy

exp(�y2)
(x� y)2 + a2

v

⌘ �0 ⇥ �(x).

(15)

�0 =
f↵

p

⇡�⌫D

⇡e2

mec
= 5.88⇥ 10�14(T/104 K)�1/2 cm2

where f↵ = 0.416 denotes the Ly↵ oscillator strength,
and av = A↵/[4⇡�⌫D] = 4.7⇥ 10�4(T/104 K)�1/2 de-
notes the Voigt parameter, and �0 denotes the cross
section at line center. We introduced the Voigt func-
tion8 �(x), which is plotted as the black solid line in the
upper panel of Figure 4. This Figure also shows that
the Voigt function �(x) is approximated accurately as

�(x) ⇡

(
e�x2

‘core’, i.e. |x| < xcrit;
avp
⇡x2 ‘wing’, i.e. |x| > xcrit,

(16)

8We adopt the normalization �(0) = 1, which translates
to

R
�(x)dx =

p

⇡.
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however Levshakov et al. 2002). Up to now, only two low- f
systems have been reported, in the DLA at zabs = 3.025 to-
ward Q 0347−383 (log f = −5.9; Levshakov et al. 2002; Ledoux
et al. 2003) and in the DLA at zabs = 2.431 toward Q 2343+125
(log f = −6.4; Petitjean et al. 2006).

Molecular hydrogen is primarily formed on the surface
of dust grains in the interstellar medium (e.g. Hollenbach &
Salpeter 1971), but can also result from the formation of negative
hydrogen (H−) if the gas is warm and dust-free (e.g. Black et al.
1987). H2 is also formed in the gas phase by radiative associa-
tion of H+ with H to form H+2 , followed by charge transfer with
H. However, the reaction is slow in the conditions prevailing in
the DLA gas. Spitzer & Jenkins (1975) first showed that the ob-
served relative populations of the H2 rotational levels cannot be
described by a single excitation temperature. Whilst the low-J
levels can be thermalised, the high-J levels are populated by di-
rect formation on these levels and UV pumping (e.g. Jura 1975)
or by collisions if part of the gas is heated to temperatures above
a few hundred K by, for example, turbulent dissipation and/or
shocks (e.g. Joulain et al. 1998; Cecchi-Pestellini et al. 2005). In
DLAs, H2 excitation is generally explained by predominant UV
pumping (Hirashita & Ferrara 2005).

Here we present the analysis of H2 absorptions in three
DLAs, at zabs = 2.431, 1.989, and 2.402 toward, respectively,
Q 2343+125, HE 2318−1107, and HE 0027−1836. The three
systems have low molecular fractions according to the above cri-
terion, log f ≤ −4. The zabs = 2.431 system toward Q 2343+125
has the lowest molecular fraction measured till now in a DLA.
We recently reported this detection as part of a high-metallicity
([X/H] > −1.3) UVES DLA sample (Petitjean et al. 2006). A de-
tailed analysis of the system is given here. The latter two systems
are new detections discovered during the Hamburg-ESO DLA
survey (Smette et al. 2005, Smette et al. 2007, in prep.) and are
reported for the first time. H2 is detected in rotational levels up
to J = 5 in the DLA toward HE 0027−1836. This is the system
with the lowest metallicity amongst known H2-bearing DLAs.
We present the observations in Sect. 2 and properties of the three
systems toward respectively Q 2343+125, HE 2318−1107 and
HE 0027−1836 in Sects. 3 to 5. We discuss the H2 excitation
toward HE 0027−1836 in Sect. 6 and comment on metallicity
and depletion in Sect. 7. We conclude in Sect. 8.

2. Observations

The quasars Q 2343+125, HE 2318−1107, and HE 0027−1836
were observed in visitor mode with the Ultraviolet and Visible
Echelle Spectrograph (UVES, Dekker et al. 2000) mounted
on the ESO Kueyen VLT-UT2 8.2 m telescope on Cerro
Paranal in Chile. Q 2343+125 was observed on October 29,
2003 under program ID. 072.A-0346. HE 2318−1107 and
HE 0027−1836 were observed on September 16, 17, and 18,
2004, under program ID. 073.A-0071. HE 0027−1836 was re-
observed on October 8 and 9, 2004, under program ID. 074.A-
0201. Observations were supplemented with UVES data from
the ESO archive, progs. 67.A-0022 and 69.A-0204 (P.I:
D’Odorico) for Q 2343+125 and prog. 072.A-0442 (P.I: Lopez)
for HE 2318−1107 and HE 0027−1836. The data were reduced
using the UVES pipeline (Ballester et al. 2000) which is avail-
able as a context of the ESO MIDAS data reduction system.
The main characteristics of the pipeline are to perform a precise
inter-order background subtraction, especially for master flat-
fields, and to allow for an optimal extraction of the object sig-
nal rejecting cosmic rays and performing sky subtraction at the
same time. The pipeline products were checked step by step. The

Fig. 1. Fit to the damped Lyman-α line at zabs = 2.431 to-
ward Q 2343+125. The derived neutral hydrogen column density is
log N(H I) = 20.40 ± 0.07. The dashed curves correspond to the best-
fitted Voigt profile (black) and the associated errors (red).

wavelength scale of the reduced spectrum was then converted to
vacuum-heliocentric values and the portions of the spectrum cor-
responding to different settings were each rebinned to a constant
wavelength step. No further rebinning was performed during the
analysis of the whole spectrum. Individual 1-D exposures were
scaled, weighted and combined together. Standard Voigt-profile
fitting methods were used for the analysis to determine column
densities using the vacuum wavelengths and oscillator strengths
from Morton (2003) for metal ions, except for the oscillator
strengths of Fe II λλλλ1063,1064,1112,1121 (Howk et al. 2000)
and Ni II λλ1317,1370 (Jenkins & Tripp 2006), and the wave-
lengths of S II λλ1250,1253 (Morton 1991). We used the oscil-
lator strengths from the Meudon group2 based on calculations
described in Abgrall et al. (1994) for H2. We adopted the Solar
abundances given by Morton (2003) based on the meteoritic data
from Grevesse & Sauval (2002). For each system, the origin
(v = 0 km s−1) of the velocity scale is set to the redshift of the
H2 component.

3. The system at zabs = 2.431 toward Q 2343+125

This DLA has first been studied by Sargent et al. (1988),
then by Lu et al. (1996), D’Odorico et al. (2002) and
Dessauges-Zavadsky et al. (2004) with high spectral resolution
(∼6.5 km s−1). We recently reported the detection of molecu-
lar hydrogen in this system (Petitjean et al. 2006). From Voigt-
profile fitting to the H I Ly-α, β and γ lines, we find that the
damped Lyman-α component is centered at zabs = 2.431 and
the column density is log N(H I) = 20.40 ± 0.07, consistent with
previous measurement by D’Odorico et al. (2002): log N(H I) =
20.35±0.05. The fit to the damped Ly-α line is shown in Fig. 1.

3.1. Molecular hydrogen and neutral carbon content

The optically thin H2 absorption lines at zabs = 2.43128 are very
weak, i.e. close to but above the 3σ detection limit (see Fig. 2). A
very careful normalization of the spectrum has been performed,
adjusting the continuum locally while fitting the line profiles. We
detect the first two rotational levels in this system (see Fig. 3).
The total H2 column density, integrated over the J = 0 and J = 1
rotational levels, is measured to be log N(H2) = 13.69 ± 0.09
(12.97 ± 0.04 and 13.60 ± 0.10 for J = 0 and J = 1 re-
spectively). This leads to an extremely small molecular fraction
log f = log 2N(H2)/(2N(H2)+N(H I)) = −6.41 ± 0.16. We also

2 http://amrel.obspm.fr/molat

Noterdaeme+ (2007) Dijkstra (2014) 

Attenuation of Lyα

• Scattering cross-section of Lyα 
• At high-z, low neutral fractions 

required for saturation

• Observed DLA 
• Core saturated, but clear smooth, 

damping wing contribution 
• IGM at high-z (increasing neutral 

fraction) exhibits a damping wing
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Drop in the Lyα fraction between z = 6 and 7

• Observed fraction of LAEs exhibit a clear drop in number density at z = 6 -> 7

Demographics of Lyman-Alpha Emission in z ∼ 7 Galaxies 11

Fig. 8.— Evolution in the fraction of strong LAEs in LBGs with −21.75 < MUV < −20.25 (top panels) and −20.25 < MUV < −18.75
(bottom panels) over 4 < z < 7. The left panels show the fraction of galaxies with EW larger than 25Å, while the right panels show the
fraction of those with EW larger than 55Å. The filled square is our results, the open square is the results of Fontana et al. (2010) and
Schenker et al. (2011), the cross is from Vanzella et al. (2011) and Pentericci et al. (2011), and the filled circle is the composite results.
The filled diamonds are the results of Stark et al. (2011), and open triangle is the composite result of Dow-Hygelund et al. (2007) and
Stanway et al. (2007). The filled square, open square, cross, and open triangle are shifted in redshift for clarity. The shaded area is derived
by extrapolating the trend seen in lower redshifts to z ∼ 7 (Stark et al. 2011).

Ono+ (2012) 
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10 Mason et al. (2017)

Fig. 8.— Posterior distributions for xHi from simulated samples
of Ly↵ detections from 1000 (solid lines) and 100 (dashed lines)
galaxies, for a simulation input value of xHi = [0.36, 0.66, 0.87]
(blue, orange, green - the input value is shown by the vertical
dotted line). With large samples input neutral fraction is recovered
well. With smaller samples, the posterior is wider, but includes the
true value within 1� uncertainty.

insu�cient sampling of very massive halos in the sim-
ulations (see Section 2.2) and the uncertainty in their
intrinsic EW evolution (Stark et al. 2017), but note that
this does not a↵ect the inferred neutral fraction for our
sample because the UV bright objects are so rare. We
use an MCMC sampler (Foreman-Mackey et al. 2013) to
infer the posterior distribution of xHi from these data,
which is shown in Figure 9. We infer a neutral fraction
of xHi = 0.59+0.11

�0.15 (1�).
This constraint is much tighter than previous mea-

surements of the neutral fraction from Ly↵ observations
(e.g., Pentericci et al. 2014; Mesinger et al. 2015) be-
cause we use the full distribution of equivalent widths,
p(W |Muv) in our inference. Previous analyses used only
the fraction of galaxies emitting Ly↵ with W > 25Å,
fLy↵, to constrain the neutral fraction. In Figure 9
we also plot the posterior distribution obtained if we
had used only fLy↵, i.e. the posterior is p(xHi|fLy↵),
where we compare the simulation fLy↵(xHi) derived from
Equation 13 with the fraction obtained in Pentericci
et al. (2014): fLy↵ = 0.29+0.20

�0.15 (for their faint sample,
20.25 < Muv < 18.75). With just the Ly↵ fraction we
infer a neutral fraction of xHi = 0.46 ± 0.29. Clearly,
using the full distribution of EW enables us to constrain
the neutral fraction much more accurately and, now large
samples of LBGs with spectroscopic follow-up are avail-
able, should become the statistic of choice for Ly↵ reion-
ization inferences.
Where does this constraint sit in our consensus pic-

ture of reionization? In Figure 10 we plot constraints
derived from observations of: Ly↵ emission from galax-
ies (Mesinger et al. 2015); the clustering of Ly↵ emit-
ting galaxies (Ouchi et al. 2010; Sobacchi & Mesinger

0.00 0.25 0.50 0.75 1.00
Neutral Fraction, xhi
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1
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p(
x
h
i
|Y

)

{W, Muv} : xhi = 0.59+0.11
�0.15

fLy↵ : xhi = 0.46+0.29
�0.29

Fig. 9.— Posterior distribution for xHi from the dataset of 68
galaxies at z ⇠ 7 (including 12 with detected Ly↵ emission) from
Pentericci et al. (2014). In red we plot the posterior distribution
obtained from the full sample of {W,Muv} measurements as de-
scribed in Section 3, and infer a neutral fraction of xHi = 0.59+0.11

�0.15
(1�). The dashed lines show the median and 1� confidence regions.
For comparison, in blue we plot the posterior for xHi obtained if
we used only the fraction of galaxies emitting Ly↵ with W > 25Å,
fLy↵. In this case we infer xHi = 0.46± 0.29. Using the full distri-
bution of EW provides much more information about the evolving
IGM compared to fLy↵ and allows for tighter constraints on the
neutral fraction.

2015); Ly↵ and Ly� forest dark fraction (McGreer et al.
2014); QSO ULASJ1120+0641 damping wings (Greig &
Mesinger 2017b). We also plot the neutral hydrogen frac-
tion as a function of redshift, using the Mason et al.
(2015) UV luminosity function model assuming galaxies
are the source of ionizing photons and using two limiting
magnitudes for the galaxy population: Muv < �17 (cur-
rently detectable galaxies) and Muv < �12 (ultra-faint
undetected galaxies). The uncertainties in the Mason
et al. (2015) reionization histories comes from the range
of possible reionization parameters (e.g., ionizing photon
escape fraction, IGM clumping factor, number of ionizing
photons per UV photon).
Our constraint is consistent within 1� with the other

constraints at z ⇠ 7, providing more strong evidence
that reionization is on-going at z ⇠ 7. Our constraint
lies �xHi ⇠ 0.2 higher than the constraint from the z =
7.1 QSO ULASJ1120+0641 damping wings (Greig et al.
2016), but is still consistent within the uncertainties.

4.3. Predictions for JWST

JWST will be uniquely equipped to observe Ly↵ and
rest-frame optical emission lines into Cosmic Dawn, with
extremely sensitive spectrometers NIRSpec and NIRISS
covering 1� 5µm in a large field of view (Gardner et al.
2006; Stiavelli et al. 2007). This will enable direct mea-
surement of the Ly↵ �v and detailed studies of the ISM
properties of galaxies during Reionization.
Using our inferred value of xHi = 0.59+0.11

�0.15 for the

EoR Inference from Ly↵ 3

nuisance parameter in our inference.
The paper is structured as follows: in Section 2 we ex-

plain the IGM, CGM, and ISM radiative transfer mod-
eling components of our model; in Section 3 we describe
our flexible Bayesian framework for inferring the neutral
fraction xHi; in Section 4 we give our results including key
insights from the model, the inferred value of xHi from
current observations and forecasts for spectroscopic sur-
veys with the James Webb Space Telescope (JWST); we
discuss our results in Section 5 and present a summary
and conclusions in Section 6.
We use the Planck Collaboration et al. (2015) cosmol-

ogy where (⌦⇤,⌦m,⌦b, n, �8, H0) = (0.69, 0.31, 0.048,
0.97, 0.81, 68 km s�1 Mpc�1), and all magnitudes are
given in the AB system.

2. IGM, CGM, and ISM Radiative Transfer Modeling

Ly↵ photons are significantly a↵ected by the neutral
hydrogen they encounter within the ISM of their source
galaxies, their local CGM and the IGM through which
they travel to our telescopes. To make constraints in
the Epoch of Reionization we must model Ly↵ radiative
transfer in all three media. Here we describe the combi-
nation of empirical formalisms and numerical simulations
to model the e↵ect of the ISM (Section 2.1) and the CGM
and IGM (Section 2.2) on Ly↵ transmission.

2.1. ISM Ly↵ Radiative Transfer

Ly↵ photons are produced predominantly via recombi-
nation in H ii regions around young stars and have a high
cross-section for resonant scattering (for a detailed re-
view see Dijkstra 2014). As the ISM of individual galax-
ies contains a large amount of neutral hydrogen gas to
escape the ISM Ly↵ photons must di↵use both spatially
and spectrally (Shapley et al. 2003; Mostardi et al. 2013).
This produces the fiducial double-peaked Ly↵ lineshape,
for which the red (blue) peak is enhanced for outflows (in-
flows) (Verhamme et al. 2006; Zheng & Miralda-Escudé
2002).
In this work, we model the Ly↵ lineshape after trans-

mission through the ISM as a Gaussian, centered at a ve-
locity o↵set �v from the systemic redshift of the galaxy
(due to scattering through the ISM, described in Sec-
tion 2.1.1) with a velocity dispersion �

↵

(due to scat-
tering and thermal broadening in the ISM, described in
Section 2.1.2). We refer to this lineshape as ‘intrinsic’,
examples are shown as dotted black lines in Figure 1.
As described below in Section 2.2 even after reionization
residual neutral gas in the IGM and CGM will absorb all
blue flux at z ⇠> 6.

2.1.1. Modeling Ly↵ velocity o↵sets

Numerous studies of star-forming galaxies at z ⇠< 4 have
identified the column density of neutral hydrogen (Nhi)
within the ISM as a key mediator of Ly↵ radiative trans-
fer. Ly↵ photons traveling through highly dense neu-
tral ISM scatter more frequently and emerge with larger
velocity o↵sets than galaxies with lower Nhi (Shibuya
et al. 2014; Hashimoto et al. 2015; Yang et al. 2016, 2017;
Guaita et al. 2017).
Low mass galaxies, especially at high redshifts, are less

likely to contain significant fractions of neutral gas due to
enhanced photoionization feedback. Additionally, strong
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Fig. 1.— The e↵ect of the IGM on simulated line profiles. We
show two example intrinsic line profiles (black dotted lines), with
peak velocity o↵sets of 75 and 300 km s�1, with flux densities
normalized to that of the line at 75 km s�1. This is the line after

transmission through the ISM. The solid black shows the lineshape
in an ionized universe at z ⇠ 6 where all flux bluer than the halo’s

circular velocity is resonantly absorbed by neutral hydrogen in the
local CGM/IGM (i.e. they experience only ⌧Hii). The colored
lines show the emission lines after transmission through a reionizing
IGM with damping wing optical depths ⌧d, where the median IGM
attenuation is also plotted (lighter line, corresponds to right axis).
Lines emitted with high velocity o↵sets are less attenuated by the
IGM: for the line with �v = 75 km s�1 ⇠ 70% of the emitted flux
is observed for xHi = 0.36 (green), for the line with �v = 300 km
s�1 this fraction rises to ⇠ 75%. For xHi = 0.66 (purple) ⇠ 30%
of the total flux is transmitted from the line with �v = 75 km s�1

whilst ⇠ 40% is emitted for the line at �v = 300 km s�1.

star formation feedback may drive outflows and/or re-
duce the covering fraction of neutral gas in the ISM which
can facilitate Ly↵ escape (Jones et al. 2013; Trainor et al.
2015; Leethochawalit et al. 2016).
Recently, a correlation has been suggested between UV

magnitude and Ly↵ velocity o↵set (Schenker et al. 2013a;
Erb et al. 2014; Stark et al. 2015; Mainali et al. 2017;
Stark et al. 2017), again indicating galaxy mass and/or
SFR strongly a↵ects Ly↵ escape. However, galaxies with
the same UV magnitudes at di↵erent redshifts likely have
very di↵erent masses because of increasing SFR at high
redshift (e.g., Mason et al. 2015) so one should be cau-
tious of comparing galaxies with the same UV magni-
tudes at di↵erent redshifts. We plot a compilation of
Muv � �v measurements from the literature (Erb et al.
2014; Steidel et al. 2014; Bradač et al. 2017; Inoue et al.
2016; Mainali et al. 2017; Pentericci et al. 2016; Stark
et al. 2015, 2017; Willott et al. 2015) in Figure 2 (left)
where it is clear that the high redshift galaxies have lower
velocity o↵sets at given Muv compared to the low redshift
galaxies, probably because they have lower mass.
To model the e↵ect of the ISM on Ly↵ escape we as-

sume that the column density of neutral hydrogen within
the ISM is determined by halo mass and is the most im-
portant quantity for understanding the emerging Ly↵
line profile. This is likely an over-simplification, e.g.
‘shell’ models take ⇠ 6 parameters to model Ly↵ lines
(Verhamme et al. 2006, 2008; Gronke & Dijkstra 2016),

EoR Inference from Ly↵ 7

distant from the cosmic H i patches which produce the
damping wing absorption during the EoR.
For a given sightline, the final fraction of Ly↵ photons

emitted by a galaxy in a halo with mass M
h

which are
transmitted through the IGM, Tigm, is given by:

Tigm(xHi, Mh

,�v) =

Z 1

0

dv J
↵

(�v, M
h

, v)e�⌧igm(xHi,Mh,v)

(6)
where�v is the velocity o↵set of the Ly↵ line center from
the systemic redshift of the source galaxy (which depends
on the galaxy’s ISM, as described in Section 2.1) and
J
↵

(�v, M
h

, v) is the line profile of Ly↵ photons escaping
from the galaxy as function of velocity v.
As any photons emitted bluer than the halo circular ve-

locity will be resonantly absorbed by intervening neutral
hydrogen (Gunn & Peterson 1965; Dijkstra et al. 2007;
Zheng et al. 2010; Laursen et al. 2011; Schroeder et al.
2013), J

↵

is described as:

J
↵

(�v, M
h

, v) /

8
<

:
1p

2⇡�↵
e
� (v��v)2

2�2
↵ if v � vcirc(Mh

)

0 otherwise

(7)
If J

↵

is normalized this leads to Tigm
,6 = 1 as we assume

⌧d = 0 at z ⇠ 6. Compared to the intrinsic emitted line
Tigm

,6 can be very low (Dijkstra et al. 2007; Zheng et al.
2010; Laursen et al. 2011). For ease of notation we refer
to the di↵erential transmission at z ⇠ 7, i.e. Tigm

,7/Tigm
,6

as Tigm.
Example intrinsic and transmitted emission lines

are plotted in Figure 1. Sightline median values of
Tigm(xHi,�v) at fixed halo mass are plotted in Figure 5.
As expected, as the neutral fraction increases the trans-
mission fraction of Ly↵ decreases smoothly. Whilst at
low neutral fractions the velocity o↵set of Ly↵ has little
impact, in a predominantly neutral universe, (xHi ⇠> 0.6)
lines are more easily transmitted if they were emitted at
high velocity o↵set.
In Figure 6 we plot probability distribution functions

for Tigm for three di↵erent values of Muv, where we have
transformed from halo mass to Muv using the Mason
et al. (2015) LF model as above and drawn �v values for
halos using the distribution in Equation 2. The transmis-
sion distributions evolve smoothly with neutral fraction
and UV magnitude. Transmission of Ly↵ evolves more
slowly for the brightest galaxies, due to a combination of
their increased velocity o↵sets and their locations in the
most overdense regions, far from the cosmic H i regions
which cause the damping wing absorption.
Galaxies in high mass halos (M

h

> 1012M�, corre-
sponding to approximately Muv < �22) require special
attention. First, they are rare and lines of sights to such
objects in the simulations are not well-sampled leading to
large statistical errors. Second, the correlation between
Muv and M

h

is particularly uncertain in this regime.
Third, such bright galaxies have been observed to buck
the trend in the declining Ly↵ emission fraction at z ⇠> 7
at z > 7.5 (Curtis-Lake et al. 2012; Stark et al. 2017).
For these reasons, they require special attention, espe-
cially because they are prime targets for detailed spec-
troscopic follow-up. Since they are intrinsically rare, they
would contribute negligibly to the analysis presented in
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Fig. 4.— Median Ly↵ IGM damping wing optical depths due
to cosmic H i patches during reionization as a function of velocity
o↵set from the center of the source halos. We plot optical depths
for 5 di↵erent mass halos (indicated by tone of the line - where
darkest lines are the highest mass halos) and for 4 volume-averaged
neutral fractions xHi (indicated by color). We plot the median
optical depth for each halo from the 1000s of simulated sightlines.
For xHi = 0.36 we plot the 1� confidence region for the optical
depths from all the sightlines to the log10 Mh = 10.2 halos as a
shaded area, showing the large variation across sightlines.

Fig. 5.— Median fraction of Ly↵ photons transmitted through
the IGM, Tigm, as a function of xHi and �v computed with Equa-
tion 6 from ⇠5000 sightlines to halos with mass 1010M�, assuming
Tigm,6 = 1. Contours show transmission fractions of 25%, 50% and
75%. In a predominantly neutral universe Ly↵ photons have higher
probability of escape through predominately ionized IGM and if
emitted at high velocity o↵sets from their originating galaxies.

this paper. Thus, we leave their analysis for future work
(Mason et al. 2017, in prep) and exclude them from the
sample considered here.

⇥ =

Mason+ (2017)
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Drop in the Lyα fraction between z = 6 and 7

• Observed fraction of LAEs exhibit a clear drop in number density at z = 6 -> 7

Demographics of Lyman-Alpha Emission in z ∼ 7 Galaxies 11

Fig. 8.— Evolution in the fraction of strong LAEs in LBGs with −21.75 < MUV < −20.25 (top panels) and −20.25 < MUV < −18.75
(bottom panels) over 4 < z < 7. The left panels show the fraction of galaxies with EW larger than 25Å, while the right panels show the
fraction of those with EW larger than 55Å. The filled square is our results, the open square is the results of Fontana et al. (2010) and
Schenker et al. (2011), the cross is from Vanzella et al. (2011) and Pentericci et al. (2011), and the filled circle is the composite results.
The filled diamonds are the results of Stark et al. (2011), and open triangle is the composite result of Dow-Hygelund et al. (2007) and
Stanway et al. (2007). The filled square, open square, cross, and open triangle are shifted in redshift for clarity. The shaded area is derived
by extrapolating the trend seen in lower redshifts to z ∼ 7 (Stark et al. 2011).

Ono+ (2012) 

• Interpreted as an evolution in IGM neutral fraction (ongoing reionisation) 

• Though alternative explanations exist (e.g. evolution in sinks, galaxy properties, 
coevolution) 

x̄HI = 0.59+0.11
�0.15 at z = 7 Mason+ (2017)
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Lyα clustering

• A more robust probe of the EoR 
• Distribution of LAEs modulated by the size and number of ionised regions 

(stage of reionisation) 
• Less sensitive to galaxy properties and morphology of reionisation

Mesinger & Furlanetto (2008)
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Lyα clustering
Mesinger & Furlanetto (2008)

10 Sobacchi & Mesinger

M h = 2×1011 M�

M h = 2×1010 M�

M h = 3×109 M�

1� HSC (expected)
L� > 2.5×1042 erg s-1, �v = 200 km s-1

1� Subaru
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Figure 7. Relation between the average neutral fraction x̄HI and the angular correlation function at 10 Mpc, !10, with an observed LAE number density of
nLAE = 4.1⇥ 10�4 Mpc�3 and L

min
↵ = 2.5⇥ 1042 erg s�1. Solid (dashed) blue curves correspond to the SMALL HII (LARGE HII) EoR models. As

stated in the text, the IGM absorption is evaluated �v = 200 km s�1 redward of the systemic redshift. The horizontal orange strip corresponds to the 1-�
uncertainty from Ouchi et al. (2010; Lmin

↵ = 2.5⇥1042 erg s�1). The width of the solid red horizontal line corresponds to the expected 1-� uncertainty from
the planned Ultra Deep campaign with the HSC. This figure can be interpreted as follows. The blue shaded region corresponds to the theoretically-allowed
range of ACF values; the horizontal strip/line corresponds to the observed/estimated value from Supreme-Cam/Hyper Supreme-Cam. The region of overlap
represents the available constraints from LAE clustering.

limited by small-number statistics (e.g. Mesinger et al. 2015 and
references therein).

A different diagnostic is the observed clustering of LAE. The
most important advantage of this diagnostic is that the angular cor-
relation function of LAEs is determined only by: (i) their typical
host halo masses, ¯

Mh; and (ii) the absorption due to a patchy EoR,
characterized by an average neutral fraction, x̄HI. As the intrinsic
ACFs of DM halos evolve only modestly over the allowed range of
halo masses, any additional clustering from a patchy EoR would be
easier to isolate. Motivated by the upcoming wide-field survey with
the HSC, we study the ACF of narrow-band selected, z ⇡ 7 LAEs.

We adopt a systematic approach: exploring extreme scenarios
for both the intrinsic Ly↵ emission (with ¯

Mh varying in the range
10

9
� 10

11
M�) and the large-scale pattern of cosmic ionized

patches (i.e. morphology) in physical EoR models. Thus we are
able to bracket the allowed LAE ACFs. We confirm (e.g. Jensen
et al. 2014) that the ACF at a fixed observed LAE number den-
sity and x̄HI is extremely insensitive to the EoR morphology; dis-
tinguishing between different EoR models would therefore require
more accurate redshift determinations with spectroscopic follow-
up observations.

Even though there is a degeneracy between intrinsic and EoR-
induced clustering, we confirm that current LAE ACF measure-
ments imply that the Universe is mostly ionized at z ⇡ 7, with
x̄HI

⇠

<

0.5 (1-�) even for an extremely conservative model of in-
trinsic emission (e.g. McQuinn et al. 2007; Ouchi et al. 2010). The
upcoming Ultra Deep campaign with the HCS could improve on
these constraints by tens of percent, constraining x̄HI

⇠

<

0.3 if the
mean value of the ACF remains unchanged.

We also find that the low values of the currently-observed ACF
implies that LAEs are hosted by relatively small dark matter ha-
los, with ¯

Mh
⇠

<

10

10
M�. Combined with their observed number

densities, this implies a very low duty cycle
⇠

< few per cent. These
values are over an order of magnitude lower than the analogous
ones for color-selected, Lyman break galaxies (LBGs) at z ⇡ 7.
We suggest that this discrepancy could be due to the narrow-band
LAEs searches preferentially selecting a population of young, star-
burst galaxies, residing in less massive halos.

We thank M. Dijkstra and M. Trenti for useful comments on an
earlier version of this manuscript. We are extremely grateful to M.
Ouchi for providing us estimates for the upcoming HCS survey.
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• Consider theoretically allowed span of 
angular correlation functions 

• Match to observations 
• Obtain limits on IGM neutral fraction

x̄H I < 0.5 at z = 6.6
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ULASJ1120+0641
• Bright, highest redshift QSO to date, z = 7.084 (Mortlock+ 2011)

LETTER
doi:10.1038/nature10159

A luminous quasar at a redshift of z 5 7.085
Daniel J. Mortlock1, Stephen J. Warren1, Bram P. Venemans2, Mitesh Patel1, Paul C. Hewett3, Richard G. McMahon3,
Chris Simpson4, Tom Theuns5,6, Eduardo A. Gonzáles-Solares3, Andy Adamson7, Simon Dye8, Nigel C. Hambly9, Paul Hirst10,
Mike J. Irwin3, Ernst Kuiper11, Andy Lawrence9 & Huub J. A. Röttgering11

The intergalactic medium was not completely reionized until
approximately a billion years after the Big Bang, as revealed1 by
observations of quasars with redshifts of less than 6.5. It has been
difficult to probe to higher redshifts, however, because quasars have
historically been identified2–4 in optical surveys, which are insensitive
to sources at redshifts exceeding 6.5. Here we report observations of
a quasar (ULAS J112001.481064124.3) at a redshift of 7.085, which
is 0.77 billion years after the Big Bang. ULAS J112010641 has a
luminosity of 6.3 3 1013L[ and hosts a black hole with a mass of
2 3 109M[ (where L[ and M[ are the luminosity and mass of the
Sun). The measured radius of the ionized near zone around
ULAS J112010641 is 1.9 megaparsecs, a factor of three smaller than
is typical for quasars at redshifts between 6.0 and 6.4. The near-zone
transmission profile is consistent with a Lya damping wing5, suggest-
ing that the neutral fraction of the intergalactic medium in front of
ULAS J112010641 exceeded 0.1.

ULAS J112010641 was first identified in the United Kingdom
Infrared Telescope (UKIRT) Infrared Deep Sky Survey6 (UKIDSS)
Eighth Data Release, which took place on 3 September 2010. The

photometry from UKIDSS, the Sloan Digital Sky Survey7 (SDSS)
and follow-up observations on UKIRT and the Liverpool Telescope
(listed in Fig. 1) was consistent8 with a quasar of redshift z> 6.5.
Hence, a spectrum was obtained using the Gemini Multi-Object
Spectrograph on the Gemini North Telescope on the night beginning
27 November 2010. The absence of significant emission blueward of a
sharp break at l 5 0.98mm confirmed ULAS J112010641 as a quasar
with a preliminary redshift of z 5 7.08. Assuming a fiducial flat cos-
mological model9 (that is, cosmological density parameters Vm 5 0.26,
Vb 5 0.024, VL 5 0.74 and current value of the Hubble parameter
H0 5 72 km s21 Mpc21), ULAS J112010641 is seen as it was 12.9 billion
years (Gyr) ago, when the Universe was 0.77 Gyr old. Although three
sources have been spectroscopically confirmed to have even higher red-
shifts, two are faint JAB > 26 galaxies10,11 and the other is a c-ray burst,
which has since faded12. Indeed, it has not been possible to obtain high
signal-to-noise ratio spectroscopy of any sources beyond the most dis-
tant quasars previously known: CFHQS J0210 – 0456 (ref. 13) (z 5 6.44),
SDSS 114815251 (ref. 3) (z 5 6.42) and CFHQS J232910301
(ref. 14) (z 5 6.42). Follow-up measurements of ULAS J112010641 will

1Astrophysics Group, Imperial College London, Blackett Laboratory, Prince Consort Road, London SW7 2AZ, UK. 2European Southern Observatory, 2 Karl-Schwarzschild Strasse, 85748 Garching bei
München, Germany. 3Institute of Astronomy, Madingley Road, Cambridge CB3 0HA, UK. 4Astrophysics Research Institute, Liverpool John Moores University, Twelve Quays House, Egerton Wharf,
Birkenhead CH41 1LD, UK. 5Institute for Computational Cosmology, Department of Physics, University of Durham, South Road, Durham DH1 3LE, UK. 6Universiteit Antwerpen, Campus Groenenborger,
Groenenborgerlaan 171, B-2020 Antwerpen, Belgium. 7Joint Astronomy Centre, 660 North A’ohōkū Place, Hilo, Hawaii 96720, USA. 8School of Physics and Astronomy, University of Nottingham, University
Park, Nottingham NG7 2RD, UK. 9Institute for Astronomy, SUPA (Scottish Universities Physics Alliance), University of Edinburgh, Royal Observatory, Blackford Hill, Edinburgh EH9 3HJ, UK. 10Gemini
Observatory, 670 North A’ohōkū Place, Hilo, Hawaii 96720, USA. 11Leiden Observatory, Leiden University, PO Box 9513, NL-2300 RA Leiden, The Netherlands.
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Follow–up photometry of ULAS J1120+0641:
Fλ,i = (0.1 ± 0.4) × 10–17 W m–2 μm–1; iAB        25
Fλ,z = (0.6 ± 0.2) × 10–17 W m–2 μm–1; zAB       24
Fλ,Y = (8.1 ± 0.4) × 10–17 W m–2 μm–1; YAB  =  20.3
Fλ,J = (6.0 ± 0.4) × 10–17 W m–2 μm–1; JAB  =  20.2
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Figure 1 | Spectrum of ULAS J112010641 and a composite spectrum
derived from lower redshift quasars. Blueward of 1.005mm the spectrum was
obtained using the FORS2 on the Very Large Telescope (VLT) Antu using a
1.099 wide longslit and the 600z holographic grism, which has a resolution of
1,390; the resultant dispersion was 1.6 3 1024mm per pixel and the spatial scale
was 0.2599 per pixel. The full FORS2 spectrum covers the wavelength range
0.75mm # l # 1.03mm. Redward of 1.005mm the data were obtained using the
GNIRS on the Gemini North Telecope. The GNIRS observations were made in
cross-dispersed mode using a 32 lines per mm grating and the short camera
used a pixel scale of 0.1599 per pixel; with a 1.099 slit this provided a resolution of
500. The full GNIRS spectrum covers the wavelength range
0.90mm #l# 2.48mm. The data are binned by a factor of four and are shown
in black; the 1s error spectrum is shown below the observed spectrum. The

wavelengths of common emission lines, redshifted by z 5 7.085, are also
indicated. The solid red curve shows a composite spectrum constructed by
averaging the spectra of 169 SDSS quasars in the redshift interval 2.3=z=2.6
that exhibit large C IV emission line blueshifts. Absorption lines in the SDSS
spectra were masked in forming the composite. The composite is a strikingly
good fit to the spectral shape of ULAS J112010641 and most of its emission
lines, although it was not possible to match the extreme C IV blueshift. The Lya
and C IV equivalent widths of the SDSS quasars are strongly correlated; the fact
that the equivalent width of C IV from the composite spectrum is similar to that
of ULAS J112010641 implies that the Lya line is also correctly modelled. The
dashed red curve shows the power-law (Fl / l20.5) used to estimate the
quasar’s ionizing flux. The follow-up photometry of ULAS J112010641 is also
listed.

6 1 6 | N A T U R E | V O L 4 7 4 | 3 0 J U N E 2 0 1 1

Macmillan Publishers Limited. All rights reserved©2011

Mortlock+(2011)

Simcoe+(2012)
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Extremely metal-poor gas at a redshift of 7
Robert A. Simcoe1, Peter W. Sullivan1, Kathy L. Cooksey1, Melodie M. Kao1,2, Michael S. Matejek1 & Adam J. Burgasser3

In typical astrophysical environments, the abundance of heavy
elements ranges from 0.001 to 2 times the solar value. Lower abun-
dances have been seen in selected stars in the Milky Way’s halo1–3

and in two quasar absorption systems at redshift z 5 3 (ref. 4).
These are widely interpreted as relics from the early Universe, when
all gas possessed a primordial chemistry. Before now there have
been no direct abundance measurements from the first billion
years after the Big Bang, when the earliest stars began synthesizing
elements. Here we report observations of hydrogen and heavy-
element absorption in a spectrum of a quasar at z 5 7.04, when
the Universe was just 772 million years old (5.6 per cent of its
present age). We detect a large column of neutral hydrogen but
no corresponding metals (defined as elements heavier than
helium), limiting the chemical abundance to less than 1/10,000
times the solar level if the gas is in a gravitationally bound proto-
galaxy, or to less than 1/1,000 times the solar value if it is diffuse
and unbound. If the absorption is truly intergalactic5,6, it would
imply that the Universe was neither ionized by starlight nor chem-
ically enriched in this neighbourhood at z < 7. If it is gravitation-
ally bound, the inferred abundance is too low to promote efficient
cooling7,8, and the system would be a viable site to form the pre-
dicted but as yet unobserved massive population III stars.

We observed the recently discovered z 5 7.085 quasar ULAS
J112010641 (ref. 6) in January 2012 with the FIRE infrared spectro-
meter9 on the Magellan/Baade telescope. Our data provide a 12-fold
increase in spectral resolution over the discovery spectrum at similar
signal-to-noise ratio, enabling study of weak heavy-element absorption
lines that are diluted by the instrumental profile at lower resolution.

Our spectrum (Fig. 1) confirms the presence of unusually strong
Lyman a (Lya) resonance absorption from neutral hydrogen (H I) in
the immediate foreground of the quasar. This absorption is clearly
visible in Fig. 1a, b as a contrast between the observed flux (black)
and an intrinsic source spectrum model (red) at wavelengths
l , 0.98mm. However, the data also fall well below the source template
at wavelengths redder than the Lya transition at the quasar’s systemic
redshift (l . 0.9829mm). This has been interpreted5,6 as a Lorentzian
damping wing of the H I Lya line at a redshift very close to that of the
quasar, indicating a high neutral-hydrogen column density10. Such
absorption could be caused by a long column of low-density, intergal-
actic hydrogen with a high neutral fraction in the vicinity of the quasar.
Or, it could arise in compact, high-density gas gravitationally bound to
an early galaxy. Such proximate damped Lya (DLA) absorption sys-
tems have numerous analogues at lower redshift.

At z 5 5 and below, every known absorption system with sufficient
neutral hydrogen to elicit damping wings also exhibits absorption
from heavy-element lines11–13. However, we find no evidence of heavy-
element absorption despite the sensitivity of the FIRE data, which is
sufficient to detect metals (defined as elements heavier than helium) at
abundance levels characteristic of lower-redshift DLAs. We do detect
narrow metal absorption lines from highly ionized gas at the redshift
of the quasar, manifested in C IV and N V. However these are offset
from the damped H I absorption by Dv 5 1711 km s21 (equivalent to

800 kpc in proper distance units if Dv is purely cosmological), and
there is substantial flux transmission at the associated H I wavelength
for these lines. The heavy-element lines are therefore most probably
internal to the quasar host itself and not physically coincident with the
neutral gas.

Quantitative chemical abundance estimates are usually impossible
for z . 5.5 quasar absorbers because the benchmark neutral-hydrogen
line is severely blended and saturated in the forest of neighbouring Lya
systems. However the damping wing near the emission redshift of
ULAS J1120 offers a unique opportunity to measure its H I column
density. In conjunction with upper limits on the heavy-element col-
umn density, this yields a straightforward upper limit on the chemical
abundance of metals.

The H I column density estimate is sensitive to the detailed shape of
the damping profile, which is fitted to the ratio of emitted to observed
flux (the ratio of the red to black lines in Fig. 1). This ratio depends

1MIT-Kavli Institute for Astrophysics and Space Research, 77 Massachusetts Avenue, Building 37, Room 664L, Cambridge, Massachusetts 02139, USA. 2Department Of Astronomy, California Institute of
Technology, 1200 East California Boulevard, MC 249-17, Pasadena, California 01125, USA. 3Center for Astrophysics and Space Science, University of California San Diego, MC 0424, 9500 Gilman Drive, La
Jolla, California 92093, USA.
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Figure 1 | Infrared spectrum of ULAS J112010641, compared to our
estimate of the intrinsic quasar spectrum without foreground absorption.
a, The unabsorbed continuum is shown in red, and the blue curve includes the
absorption. The continuum template is constructed from a composite of
quasars in the Sloan Digital Sky Survey14,16 shifted to a redshift of ztempl57.07.
C IV absorption intrinsic to the quasar host galaxy is seen to the red of the
labelled C IV emission peak. However, the C IV emission line is anomalously
blueshifted6 in ULAS J1120, so we compute the redshift distance between the
absorber and quasar host using its Mg II (ref. 6) or [C II] (ref. 25) redshift.
b, Magnified view of the Lya region of the spectrum with unabsorbed
continuum model (red) and absorbed continuum (blue). The vertical arrow
marks the location of Lya absorption at zabs 5 7.04. c, Detail of the damping
wing with best-fit H I absorption model (solid line) centred on zabs with
log(NHI) 5 20.6 cm22. Dotted and dashed lines indicate the 61s fit
uncertainty. The quasar’s emission redshift26 (7.0842) is indicated with the
vertical dashed line. Two additional optically thin Lya absorbers (labelled 1 and
2) are apparent in the quasar’s near zone at z 5 7.0721 6 0.0001 and
z 5 7.0855 6 0.0001 (Dv 5 2424, 1161 km s21 from the host, respectively, see
Supplementary Information). These data have not been continuum
normalized, so a slight downward slope is visible towards redder wavelengths.
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• Exhibits tantalising evidence for an IGM damping 
wing imprint 

• Estimated at > 10% neutral at z = 7.1 (Mortlock
+2011, Bolton+2012) 

• Require a more robust treatment
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IGM damping wing in ULASJ1120
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BG+ (2017b)

• Reconstruct a template profile for 
the intrinsic Lyα emission 

• Use covariance matrix of line 
profile correlations measured from 
~2000 moderate-z BOSS QSOs 

• Perform numerical simulations to 
capture uncertainties in the EoR 
morphology 

• Simultaneously fit the observed 
spectrum to the distribution of 
intrinsic profiles + IGM absorption 
profiles 
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But what can we learn about reionsation?

• Current constraints: 
- Integral constraints from the CMB (e.g.    , kSZ) 
- Constraints/limits on the IGM neutral fraction at z ~ 6-7

⌧e

6 8 10 12 14 16
Redshift, z

0.0

0.2

0.4

0.6

0.8

1.0

N
eu

tr
a
lF

ra
ct

io
n
,x

H
I

2�
1�
Dark pixels (1�)
Ly↵ fraction (1�)
LAE Clust. (1�)
QSO DW (1�)
Planck (2�)
kSZ (2�)

• What are the important questions: 
- When did the first galaxies form? 
- What were their properties? 
- How do they interact with the IGM? 
- What is the thermal and ionisation 

         state of the IGM?

• Can current data answer these? 

BG & Mesinger (2017a)
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But what can we learn about reionsation?
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21cm radiation

• Hyperfine spin-flip transition of neutral hydrogen 
• Measure the brightness temperature fluctuations of this signal:
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21cm Interferometer experiments

MWA PAPER LOFAR

HERA SKA
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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/future 21 cm experiments: 
- LOFAR, PAPER, MWA 
- SKA, HERA
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BG & Mesinger (2017a)
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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/future 21 cm experiments: 
- LOFAR, PAPER, MWA 
- SKA, HERA

• What will these actually provide? 
• How do we interpret the data? 
!
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Analogies with the CMB
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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

0

1000

2000

3000

4000

5000

6000

D
T

T
�

[µ
K

2
]

30 500 1000 1500 2000 2500
�

-60
-30
0
30
60

�
D

T
T

�

2 10
-600
-300

0
300
600

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

8

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

0

1000

2000

3000

4000

5000

6000

D
T

T
�

[µ
K

2
]

30 500 1000 1500 2000 2500
�

-60
-30
0
30
60

�
D

T
T

�

2 10
-600
-300

0
300
600

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) 

• 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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• Current implementation contains 6 parameters 
• 3 parameters describing the EoR 
• 3 parameters describing the heating (X-ray) epoch 
• Assume the same minimum mass threshold for ionisation and X-ray sources

Astrophysical Parametrisation in 21CMMC
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Epoch of Reionisation
�Tb(⌫) ⇡ 27xH I(1 + �nl)

✓
H

dvr/dr +H

◆✓
1� T�

TS

◆✓
1 + z

10

0.15

⌦mh2

◆1/2 ✓⌦bh
2

0.023

◆
mK

For animations varying the impact of each parameter go here: 
http://homepage.sns.it/mesinger/21CMMC_files/Movies/

http://homepage.sns.it/mesinger/21CMMC_files/Movies/
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What does 21CMMC do?
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For animations found here:  
http://homepage.sns.it/mesinger/21CMMC_files/FullMCMC.mp4

http://homepage.sns.it/mesinger/21CMMC_files/FullMCMC.mp4


Brad Greig, 22nd Nov, UoM Astrophysics Seminar

• Produces a full, 3D 21cm light-cone at every step in the MCMC. 
• Enables exploring any metric describing/characterising the 21cm 

signal (i.e. statistical/tomographical).  
• Can simultaneously constrain cosmology and astrophysical 

parameters.

Flexibility of 21CMMC
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16 N. Kern et al.
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Figure 6. The joint posterior distribution of the eleven-parameter model, showing the 68% and 95% credible regions of the
pairwise covariances (o↵-diagonal) and their marginalized distribution across each model parameter (diagonal). Purple-shaded
boxes represent pairwise covariances between cosmological parameters; green-shaded boxes represent cosmological-astrophysical
covariances, and yellow-shaded boxes represent astrophysical covariances. Blue contours on the cosmological covariances indicate
the 95% credible region of the adopted prior distribution consistent with Planck. The underlying true parameters of the
observation are marked as red squares with crosshairs.

set of 20,000 samples is shown in Figure 5 as the green
contours, which shows an improvement in the MAP lo-
calization.

4.4. Posterior Characterization

With a reasonable estimate of the MAP location in
hand, we now construct a dense training set so that we
may emulate to higher precision. To do this, we build
another training set consisting of 5000 samples from a

packed Gaussian distribution and 500 samples from a
LHSFS design (see Section 2.1) with a location near the
truth parameters and size similar to the posterior dis-
tribution found in Section 4.3. To assess the accuracy
of the emulator trained over this training set, we 5-fold
cross validate over a subset of the data in the core of
the training set. The results can be found in Figure 2,
which shows we can emulate the power spectra to an
accuracy of ⇠ 10% for most of the data. More impor-

Kern+ (2017)
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Applications of 21CMMC
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Interpreting existing 21cm PS upper limitsNew Limits on the 21 cm Power Spectrum at z = 8.4 17

Fig. 18.— Measured power spectrum (black dots with 2� error bars) at z = 8.4 resulting from a 135-day observation with PAPER-64.
The dashed vertical lines at 0.6h Mpc�1 show the bounds of the delay filter described in Section 3.3. The predicted 2� upper limit in
the absence of the a celestial signal is shown in dashed cyan, assuming T

sys

= 500K. The triangles indicate 2 � upper limits from GMRT
(Paciga et al. 2011) (yellow) at z = 8.6, MWA (Dillon et al. 2014) at z = 9.5 (magenta), and the previous PAPER upper limit (P14) at
z = 7.7. The magenta curve shows a predicted model 21 cm power spectrum at 50% ionization (Lidz et al. 2008).

Fig. 19.— Diagnostic power spectra in the style of Figure 18 illustrating the impact of various analysis stages. The blue power spectrum
uses the P14 fringe-rate filter combined with crosstalk removal. Green illustrates the result using the optimal fringe-rate filter, but without
crosstalk removal. A power spectrum derived without the application of OMNICAL is shown in orange. Black includes optimal fringe-rate
filtering, crosstalk removal, and OMNICAL calibration; it is the same power spectrum shown in Figure 18.

• Current experiments provide a 
measurement of a systematics 
dominated 21 cm PS 

• z = 8.4 21 cm PS from 64 tile 
PAPER array  

• By using these measurements as 
upper limits, we can infer insights on 
the EoR 

• For example, the IGM temperature 
(e.g. heating by X-rays or ‘cold’ 
reionisation)

Ali+ (2015)
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‘cold’ reionisation

�Tb(⌫) ⇡ 9xH I(1 + �nl)(1 + z)1/2

1� TCMB(z)

TS

� 
H(z)/(1 + z)

dvk/drk

�
mK

• 21cm brightness temperature contrast,

�Tb(⌫) ⇡ 10’s mK

�Tb(⌫) ⇡ �200 mK

• Reionisation with heating epoch (X-rays, …)

• Reionisation in the absence of heating (`cold’)
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‘cold’ reionisation

Mesinger+ (2015)



Brad Greig, 22nd Nov, UoM Astrophysics Seminar

New Limits on the 21 cm Power Spectrum at z = 8.4 17

Fig. 18.— Measured power spectrum (black dots with 2� error bars) at z = 8.4 resulting from a 135-day observation with PAPER-64.
The dashed vertical lines at 0.6h Mpc�1 show the bounds of the delay filter described in Section 3.3. The predicted 2� upper limit in
the absence of the a celestial signal is shown in dashed cyan, assuming T

sys

= 500K. The triangles indicate 2 � upper limits from GMRT
(Paciga et al. 2011) (yellow) at z = 8.6, MWA (Dillon et al. 2014) at z = 9.5 (magenta), and the previous PAPER upper limit (P14) at
z = 7.7. The magenta curve shows a predicted model 21 cm power spectrum at 50% ionization (Lidz et al. 2008).

Fig. 19.— Diagnostic power spectra in the style of Figure 18 illustrating the impact of various analysis stages. The blue power spectrum
uses the P14 fringe-rate filter combined with crosstalk removal. Green illustrates the result using the optimal fringe-rate filter, but without
crosstalk removal. A power spectrum derived without the application of OMNICAL is shown in orange. Black includes optimal fringe-rate
filtering, crosstalk removal, and OMNICAL calibration; it is the same power spectrum shown in Figure 18.

• Current experiments provide a 
measurement of a systematics 
dominated 21 cm PS 

• z = 8.4 21 cm PS from 64 tile 
PAPER array  

• By using these measurements as 
upper limits, we can infer insights on 
the EoR 

• For example, the IGM temperature 
(e.g. heating by X-rays or ‘cold’ 
reionisation)

Ali+ (2015)

Interpreting existing 21cm PS upper limits
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• Adding TS as a free 
parameter in 21CMMC we 
can interpret observations 

• Robust to EoR morphology, 
by marginalising over a 3 
parameter EoR model

Inferring limits on the IGM temperature
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TS = 1.9 K

!
• Can we improve with 

observational priors? 
• Include a prior on the tail-end 

of reionisation from dark-pixel 
statistics (McGreer et al. 2015) 

Inferring limits on the IGM temperature

x̄H I  0.06 + 0.05 (1�)
at z = 5.9!

• Combined with Planck?

⌧e = 0.066± 0.016 (1�)

!
• Recover robust lower 

limits on IGM temperature 
at 1σ of > 6 KBG+ (2016)
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Quantifying standard approximations

• A common approximation in the literature is to assume (TS >> TCMB) 
• Enables more efficient numerical simulations 
• X-ray/Lyα photons from first sources produce fluctuations in TS 

• TS fluctuations can produce ≳ 20% suppression in the amplitude of 
the 21cm PS 

• Can recovering astrophysical constraints assuming TS >> TCMB bias 
the EoR astrophysical parameters?
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• Consider two plausible reionisation histories that bracket existing 
reionisation limits/constraints

Quantifying standard approximations
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‘Faint’ galaxies model
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• 300 Mpc, 2003 box 
• 1000hr on sky 

integration with HERA 
and SKA 

• Combine 8 co-eval 
cubes 

• 4 during EoR (z = 6, 7, 
8 and 9) 

• 4 during heating epoch 
(z = 11, 13, 15 and 17) 

• 20% Modelling 
uncertainty 

BG & Mesinger (2017b)
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‘Faint’ galaxies model

BG & Mesinger (2017b)

21CMMC in the epoch of heating 15
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Figure 5. The impact of the common saturated spin temperature approximation (TS � TCMB) on EoR parameter inference. We show
the recovered 1 and 2D joint marginalised posterior distributions for the faint galaxies model assuming a 1000 hr on sky observation
with the SKA. Red curves correspond to our fiducial constraints which include the spin temperature modelling (marginalising over the
EoH parameter) accounting for the IGM spin temperature fluctuations (Figure 3), whereas the purple curves are the recovered constraints
when ignoring the IGM spin temperature fluctuations (i.e. TS � TCMB). Thick and thin contours correspond to the 68 (1�) and 95 (2�)
per cent marginalised joint likelihood contours, respectively, and crosses (black vertical dashed lines) denote the input model parameters,
defined to be (⇣, Rmfp, log10(Tmin

vir )) = (30, 15, 4.7). Inset: The recovered global evolution of the IGM neutral fraction. The solid black
curve corresponds to the fiducial input evolution, whereas the error bars correspond to the 2� limits on the recovered IGM neutral
fraction. Note, all points are interpolated at �z = 0.4 purely for visualisation purposes only.

Figure 6. The 21 cm PS corresponding to the maximum likelihood model assuming a saturated spin temperature (TS � TCMB; red
curve), compared to the fiducial mock 21 cm PS of the faint galaxies model (black curve). The blue curve corresponds to the “true”
EoR model parameters, (⇣, Rmfp, log10(Tmin

vir )) = (30, 15, 4.7), but is computed assuming a saturated spin temperature. The grey shaded
region corresponds to the 1� observational uncertainty for an assumed 1000hr observation with the SKA, while the error bars denote
our assumed 20 per cent modelling uncertainty on the 21 cm PS. Hatched regions denote k-modes outside of our nominal fitting range.

c� 0000 RAS, MNRAS 000, 000–000
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‘Bright’ galaxies model
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‘Bright’ galaxies model

BG & Mesinger (2017b)

16 B. Greig & A. Mesinger
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Figure 7. The same as Figure 5, except for our bright galaxies model. Crosses (black vertical dashed lines) denote the input model
parameters, defined to be (⇣, Rmfp, log10(Tmin

vir )) = (200, 15, 5.48).

Figure 8. The same as Figure 6, except for our bright galaxies model. The fiducial bright galaxies EoR parameter set corresponds
to, (⇣, Rmfp, log10(Tmin

vir )) = (200, 15, 5.48).

EoH. Incorrectly ignoring the EoH and associated IGM spin
temperature fluctuations when interpreting a realistic ob-
servation could significantly bias the inferred EoR source
model.

6 CONCLUSION

Detecting the cosmic 21 cm signal during the EoR and the
EoH stands to reveal insights into the formation, growth

and evolution of structure in the Universe. However, how
do we interpret the underlying astrophysics once we have a
detection? To aid this, we developed 21CMMC, a massively
parallel Bayesian MCMC analysis tool, which performs full
3D reionisation simulations (using 21CMFAST) on the fly, for
recovering EoR astrophysical parameter constraints. Second
generation experiments such as HERA and the SKA, along
with global 21 cm experiments, will be able to measure both
the EoR and the pre-heating of the IGM by X-rays. There-

c� 0000 RAS, MNRAS 000, 000–000
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• Optimising telescope station and layout design for SKA1-low                
• Null tests on the cosmic 21cm signal 
• Interpreting existing observational constraints  
• Impact of ignoring the observed light-cone effect (in prep) 
• Interpreting reionisation constraints from EDGES (in prep)

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

Future projects with 21CMMC
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Conclusions

• 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 
• Publicly available (https://github.com/BradGreig/21CMMC)

https://github.com/BradGreig/21CMMC

