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Reionisation & Cosmic Dawn
Introduc)on

The chronology & topology of reionisation can shed light on the nature of the first stars, the 
formation of galaxies, the density of the IGM…
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Imprints of reionisa4on
Introduction

21cm signal

Neutral hydrogen 
emission
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There is a wide range of reionisation observables
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With the 21cm signal, we can map the Universe at any redshift
→ 3D power spectrum ≠ CMB
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Imprints of reionisation
Introduc)on

High-redshift 
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off free electrons
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Quasar spectra

HI absorpLon troughs

There is a wide range of reionisation observables (non-exhaustive list…)
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The kinetic Sunyaev-Zel’dovich effect

CMB TT power spectrum at 150GHz

CMB photon

Free electrons

Kinetic SZ

The kSZ effect corresponds to CMB photons sca\ering off free electrons with a bulk velocity
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The kinetic Sunyaev-Zel’dovich effect

rsage simulations at xHII = 0.30

fej SFR

There is informa]on about reionisa]on in the kSZ spectrum…

Gorce+2020, and, e.g., McQuinn+2005; Iliev+2007; Battaglia+2013; Park+2013… 
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1. About global reionisation history

2. About reionisation morphology (and effectively galaxy properties)
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Combining kSZ / global 21cm
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Cast Fisher forecast data in Karhunen-Loève basis 
→ Eigenvalues describe the rela]ve informa]on content of each probe 

21cm global signal

Averaged over the whole sky

High frequency modes better recovered
Sensitive to rapid variations of xHI(z)

kSZ power spectrum

Integrated along line-of-sight

Larger for longer EoR
Sensitive to slow variations of xHI(z)
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Combining kSZ / global 21cm

Bégin, Liu & Gorce 2022

The complementarity can be leveraged to

1. Better constrain the reionisation history 2. Identify and remove systematics

• Foreground residuals 4x smaller than 
cosmological signal detected at 10σ

• 0.05 μK2 tSZxCIB residual picked up at 100σ

Reconstruction z-bin by z-bin
so, deferring a discussion of potential systematics (and how
to detect them) to Sec. V.

A. A least squares approach

One method for combining data into a single ionization
history is to employ a least-squares estimator, where we
wish to construct an estimator x̂ for the true ionization
history x, given a collection of measurements y. In our case,
we take yconc ¼ ðy21; ykSZÞ to be a concatenation of the KL
coefficients. Relating the measurement to what we want to
constrain is the linear equation

yconc ¼ Axþ nconc; ð25Þ

where A is the design matrix (in this case is a vertical stack
of two R−1 matrices), and nconc is the concatenated noise
vector, i.e., nconc ¼ ðn21;nkSZÞ. Note that this noise is
not the instrumental noise contribution from the original
21 cm or kSZ measurements, but instead, the “noise” in our
determination of y21 and ykSZ. It therefore has a covariance
matrix N given by

N ¼
!
C̄21 0

0 C̄kSZ

"
: ð26Þ

With these definitions, the least squares estimator for the
ionization history takes the form3 [59]

x̂ ¼ ðATN−1AÞ−1ATN−1y

¼ RTðF̄21 þ F̄kSZÞ−1RR−TðF̄21y21 þ F̄kSZykSZÞ
¼ CtotR−TðF̄21y21 þ F̄kSZykSZÞ; ð27Þ

where we have defined

Ctot ≡ ðF21 þ FkSZÞ−1; ð28Þ

since this can be shown to be the covariance of our final
estimator x̂. Unsurprisingly, all traces of the KL transform
vanish from the final covariance. Moving to KL space is
simply a convenient intermediate step that elucidates
the complementarity of the global 21 cm signal and (as
we shall see in Sec. IV) allows for the detection of residual
systematics. The information content of the datasets is
unchanged by our choice of intermediate basis, and thus it
is expected that the final covariance in a joint determination

of the ionization history is the inverse of the sum of the
constituent Fisher matrices.
With Eq. (27), we see that the optimal way to constrain

the ionization history is to measure each KL coefficient
individually using each of our two probes, and then to
average the results together with weights given by each
Fisher information matrix. Since the Fisher information is
by construction diagonal in this basis for both types of
measurement, this is equivalent to an inverse variance
weighting. Essentially, we are taking advantage of the
complementarity of the global 21 cm signal and the kSZ
signal to rely on each probe to deliver the information for
each mode when it is available. This is illustrated in Fig. 3,
where we show an example reconstructed ionization history
with both probes in the bottom panel. Crucially, the top two
plots show that the reconstruction fails when we only have

FIG. 3. Simulated recoveries (black points with error bars) of
the ionization history (red curve) from kSZ measurements alone
(top panel), global 21 cm measurements alone (middle panel),
and combined constraints (bottom panel). One sees that combin-
ing kSZ and 21 cm measurements can significantly improve
constraints on the ionization history. However, the correlated
nature of the errors mean that the fits can be difficult to evaluate in
this space, as illustrated by the blue squares in the bottom panel,
where a particularly unlucky noise realization can give results that
appear to be egregiously inconsistent.

3Optionally, one may choose to group the constraints on the
ionization history into coarser bins than the native bin size used in
our Fisher matrices in Eqs. (13) and (14). In other words, there is
no requirement that x and yconc be of the same length; the former
can be shorter than the latter. To enable such a setup, one makes
the substitution A → AB, where B is a rectangular matrix of 1s
and 0s that duplicates entries in a shorter, binned version of x to
transform it into its original full-length equivalent.

BÉGIN, LIU, and GORCE PHYS. REV. D 105, 083503 (2022)

083503-8

kSZ only

21cm only

Both
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Combining kSZ / 21cm PS

o Relate the 21cm and the kSZ power spectra through their base ingredient: 
the electron power spectrum
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Georgiev & Gorce, in prep

o Look at the evolu]on of Pee(k,z) in high resolu]on hydrodynamical simula]ons

EMMA simulation (see Aubert+2015, Chardin+2019)
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Combining kSZ / 21cm PS

o Relate the 21cm and the kSZ power spectra through their base ingredient: 
the electron power spectrum

o Look at the evolution of Pee(k,z) in high resolution hydrodynamical simulations

o Find a parameterisa]on of the evolu]on of Pee(k,z)

A&A proofs: manuscript no. output

Fig. 1. Free electrons density contrast power spectrum for a box filled
with enough bubbles of radius R = 15 px = 5.5 Mpc to reach a filling
fraction f = 1%. Points are results of a numerical computation of the
power spectrum, compared to the theoretical model (solid line). The
dotted vertical line corresponds to k = 1/R, the dashed vertical line to
91/4/R, the dashed horizontal line to 4/3⇡R3/ f and the tilted dashed line
has slope k

�4.

bubbles of radius R = 15 px = 5.5 Mpc5 to reach a fill-
ing fraction f = 1% in a box of 5123 pixels and side length
L = 128/h Mpc. We compare the expression in Eq. (11) with
power spectrum values computed directly from the 3D field and
find a good match. On very small or very large scales, the win-
dow function behaves as:

W(y) ⇠ 3
y3 ⇥

y3

3
= 1 as y! 0

W(y) ⇠ 3
y3 ⇥ y =

3
y2 as y! 1

(12)

so that Pee(k) ⇠ 4/3⇡R3/ f i.e. is constant (see dashed horizontal
line on the figure) on very large scales and has higher ampli-
tude for smaller filling fractions. On small scales, the toy model
power spectrum decreases as k

�4 (see tilted dashed line on the
figure). The intersection point of the horizontal and tilted dashed
lines on the figure corresponds to k = 91/4/R (dashed vertical
line), hinting at a relation between the cut-o↵ frequency and the
bubble size. Note that Xu et al. (2019) find a similar feature, also
related to the typical bubble size, in the bias between the H i and
matter fields.

This behaviour is close to what we observe in the free
electrons density power spectra of our six simulations in the
early stages of reionisation as can be seen on the right panel
of Fig. 2, showing Pee(k, z) for the first of our six simulations.
Therefore, we choose in this work to use a direct parameterisa-
tion of the scale and redshift evolution of Pee(k, z) during reion-
isation and calibrate it on our simulations. The parameters, ↵0
and , are defined according to:

Pee(k, z) =
↵0 xe(z)�1/5

1 + [k/]3xe(z)
. (13)

In log-space, on large scales, Pee has a constant amplitude which,
as mentioned above, depends on the filling fraction and there-
fore reaches its maximum ↵0 at the start of the reionisation
5 The bubble radii actually follow a Gaussian distribution centred on
15 px with standard deviation 2 px.

process, when the variance in the free electron field is maxi-
mal (see Sec. 5.1). It then slowly decreases as xe(z)�1/5. Be-
fore the onset of reionisation, despite the few free electrons
left over after recombination, the amplitude of Pee is negligi-
ble. This constant power decreases above a cut-o↵ frequency
that increases with time, following the growth of ionised bub-
bles, according to xe(z)�1/3. There is no power above this fre-
quency, i.e. on smaller scales: there is no smaller ionised region
than rmin(z) = 2⇡x

1/3
e / at this time. For empirical reasons, we

choose the power to decrease as k
�3 and not k

�4 as seen in the
theoretical power spectrum on small scales. This di↵erence can
be explained by the fact that in our simulations, small ionised
regions will keep appearing as new sources light up, maintain-
ing power on scales smaller than the typical bubble size. Addi-
tionally, the density resolution will allow correlations between
regions within a given bubble, whereas in the toy models ionised
bubbles are only filled with ones. The complexity of the electron
density contrast field is illustrated for one of the six simulations
used in this work on Fig. 2: the underlying matter field is visible
within the ionised regions.

Once reionisation is over and all IGM atoms are ionised, the
fluctuations in free electrons density follow those of dark matter
on large scales (k < 1 Mpc�1). On smaller scales, gas thermal
pressure induces a drop in Pee(k, z) compared to the dark mat-
ter. To describe this evolution at low redshifts, we choose the
same parameterisation as Shaw et al. (2012), given in Eq. (14),
to describe the gas bias b�e(k, z)2 = Pee(k, z)/P��(k, z) but adapt
the parameters to our simulations, which however do not cover
redshifts lower than 5.5:

b�e(k, z)2 =
1
2

"
e�k/k f +

1
1 + (gk/k f )7/2

#
(14)

We find k f = 9.4 Mpc�1 and g = 0.5, constant with redshift.
Our values for k f and g are quite di↵erent from those obtained
by Shaw et al. (2012), as in their work power starts dropping
between 0.05 and 0.5 Mpc�1 compared to k ⇠ 3 Mpc�1 for our
simulations. This can be explained by our simulations making
use of adaptive mesh refinement, therefore resolving very well
the densest regions, so that our spectra are more sensitive to the
thermal behaviour of gas. This model, where k f and g are con-
stant parameters, is a very basic one. It will however be su�-
cient for this work since we focus on the patchy component of
the kSZ e↵ect, at z � 5.5. Additionally, as we will show later, the
scales mostly contributing to the patchy kSZ signal correspond
to modes 10�3 < k/Mpc�1 < 1 where Pee follows the matter
power spectrum, so that a precise knowledge of b�e(k, z) is not
required. In the future, if we want to apply our results to con-
strain reionisation with the measured CMB temperature power
spectrum, we will need a better model as the observed signal
will be the sum of homogeneous and patchy kSZ, with the for-
mer dominating on all scales.

To account for the smooth transition of Pee from a power-law
to a biased matter power spectrum, illustrated in the right panel
of Fig. 2, we write the final form for the free electrons density
fluctuations power spectrum as

Pee(k, z) =
⇥
fH � xe(z)

⇤ ⇥ ↵0 xe(z)�1/5

1 + [k/]3xe(z)
+ xe(z) ⇥ b�e(k, z)2

P��(k, z),
(15)

for fH = 1+Yp/4Xp ' 1.08, with Yp and Xp the primordial mass
fraction of helium and hydrogen respectively. The total matter
power spectrum P�� is computed using the Boltzmann integra-
tor CAMB (Lewis et al. 2000; Howlett et al. 2012) for the linear

Article number, page 4 of 14
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Combining kSZ / 21cm PS

o Relate the 21cm and the kSZ power spectra through their base ingredient: 
the electron power spectrum

o Look at the evolution of Pee(k,z) in high resolution hydrodynamical simulations

o Find a parameterisation of the evolution of Pee(k,z)

Gorce+2020

A&A proofs: manuscript no. output

Fig. 1. Free electrons density contrast power spectrum for a box filled
with enough bubbles of radius R = 15 px = 5.5 Mpc to reach a filling
fraction f = 1%. Points are results of a numerical computation of the
power spectrum, compared to the theoretical model (solid line). The
dotted vertical line corresponds to k = 1/R, the dashed vertical line to
91/4/R, the dashed horizontal line to 4/3⇡R3/ f and the tilted dashed line
has slope k

�4.

bubbles of radius R = 15 px = 5.5 Mpc5 to reach a fill-
ing fraction f = 1% in a box of 5123 pixels and side length
L = 128/h Mpc. We compare the expression in Eq. (11) with
power spectrum values computed directly from the 3D field and
find a good match. On very small or very large scales, the win-
dow function behaves as:

W(y) ⇠ 3
y3 ⇥

y3

3
= 1 as y! 0

W(y) ⇠ 3
y3 ⇥ y =

3
y2 as y! 1

(12)

so that Pee(k) ⇠ 4/3⇡R3/ f i.e. is constant (see dashed horizontal
line on the figure) on very large scales and has higher ampli-
tude for smaller filling fractions. On small scales, the toy model
power spectrum decreases as k

�4 (see tilted dashed line on the
figure). The intersection point of the horizontal and tilted dashed
lines on the figure corresponds to k = 91/4/R (dashed vertical
line), hinting at a relation between the cut-o↵ frequency and the
bubble size. Note that Xu et al. (2019) find a similar feature, also
related to the typical bubble size, in the bias between the H i and
matter fields.

This behaviour is close to what we observe in the free
electrons density power spectra of our six simulations in the
early stages of reionisation as can be seen on the right panel
of Fig. 2, showing Pee(k, z) for the first of our six simulations.
Therefore, we choose in this work to use a direct parameterisa-
tion of the scale and redshift evolution of Pee(k, z) during reion-
isation and calibrate it on our simulations. The parameters, ↵0
and , are defined according to:

Pee(k, z) =
↵0 xe(z)�1/5

1 + [k/]3xe(z)
. (13)

In log-space, on large scales, Pee has a constant amplitude which,
as mentioned above, depends on the filling fraction and there-
fore reaches its maximum ↵0 at the start of the reionisation
5 The bubble radii actually follow a Gaussian distribution centred on
15 px with standard deviation 2 px.

process, when the variance in the free electron field is maxi-
mal (see Sec. 5.1). It then slowly decreases as xe(z)�1/5. Be-
fore the onset of reionisation, despite the few free electrons
left over after recombination, the amplitude of Pee is negligi-
ble. This constant power decreases above a cut-o↵ frequency
that increases with time, following the growth of ionised bub-
bles, according to xe(z)�1/3. There is no power above this fre-
quency, i.e. on smaller scales: there is no smaller ionised region
than rmin(z) = 2⇡x

1/3
e / at this time. For empirical reasons, we

choose the power to decrease as k
�3 and not k

�4 as seen in the
theoretical power spectrum on small scales. This di↵erence can
be explained by the fact that in our simulations, small ionised
regions will keep appearing as new sources light up, maintain-
ing power on scales smaller than the typical bubble size. Addi-
tionally, the density resolution will allow correlations between
regions within a given bubble, whereas in the toy models ionised
bubbles are only filled with ones. The complexity of the electron
density contrast field is illustrated for one of the six simulations
used in this work on Fig. 2: the underlying matter field is visible
within the ionised regions.

Once reionisation is over and all IGM atoms are ionised, the
fluctuations in free electrons density follow those of dark matter
on large scales (k < 1 Mpc�1). On smaller scales, gas thermal
pressure induces a drop in Pee(k, z) compared to the dark mat-
ter. To describe this evolution at low redshifts, we choose the
same parameterisation as Shaw et al. (2012), given in Eq. (14),
to describe the gas bias b�e(k, z)2 = Pee(k, z)/P��(k, z) but adapt
the parameters to our simulations, which however do not cover
redshifts lower than 5.5:

b�e(k, z)2 =
1
2

"
e�k/k f +

1
1 + (gk/k f )7/2

#
(14)

We find k f = 9.4 Mpc�1 and g = 0.5, constant with redshift.
Our values for k f and g are quite di↵erent from those obtained
by Shaw et al. (2012), as in their work power starts dropping
between 0.05 and 0.5 Mpc�1 compared to k ⇠ 3 Mpc�1 for our
simulations. This can be explained by our simulations making
use of adaptive mesh refinement, therefore resolving very well
the densest regions, so that our spectra are more sensitive to the
thermal behaviour of gas. This model, where k f and g are con-
stant parameters, is a very basic one. It will however be su�-
cient for this work since we focus on the patchy component of
the kSZ e↵ect, at z � 5.5. Additionally, as we will show later, the
scales mostly contributing to the patchy kSZ signal correspond
to modes 10�3 < k/Mpc�1 < 1 where Pee follows the matter
power spectrum, so that a precise knowledge of b�e(k, z) is not
required. In the future, if we want to apply our results to con-
strain reionisation with the measured CMB temperature power
spectrum, we will need a better model as the observed signal
will be the sum of homogeneous and patchy kSZ, with the for-
mer dominating on all scales.

To account for the smooth transition of Pee from a power-law
to a biased matter power spectrum, illustrated in the right panel
of Fig. 2, we write the final form for the free electrons density
fluctuations power spectrum as

Pee(k, z) =
⇥
fH � xe(z)

⇤ ⇥ ↵0 xe(z)�1/5

1 + [k/]3xe(z)
+ xe(z) ⇥ b�e(k, z)2

P��(k, z),
(15)

for fH = 1+Yp/4Xp ' 1.08, with Yp and Xp the primordial mass
fraction of helium and hydrogen respectively. The total matter
power spectrum P�� is computed using the Boltzmann integra-
tor CAMB (Lewis et al. 2000; Howlett et al. 2012) for the linear

Article number, page 4 of 14

A&A proofs: manuscript no. output

Fig. 1. Free electrons density contrast power spectrum for a box filled
with enough bubbles of radius R = 15 px = 5.5 Mpc to reach a filling
fraction f = 1%. Points are results of a numerical computation of the
power spectrum, compared to the theoretical model (solid line). The
dotted vertical line corresponds to k = 1/R, the dashed vertical line to
91/4/R, the dashed horizontal line to 4/3⇡R3/ f and the tilted dashed line
has slope k

�4.

bubbles of radius R = 15 px = 5.5 Mpc5 to reach a fill-
ing fraction f = 1% in a box of 5123 pixels and side length
L = 128/h Mpc. We compare the expression in Eq. (11) with
power spectrum values computed directly from the 3D field and
find a good match. On very small or very large scales, the win-
dow function behaves as:

W(y) ⇠ 3
y3 ⇥

y3

3
= 1 as y! 0

W(y) ⇠ 3
y3 ⇥ y =

3
y2 as y! 1

(12)

so that Pee(k) ⇠ 4/3⇡R3/ f i.e. is constant (see dashed horizontal
line on the figure) on very large scales and has higher ampli-
tude for smaller filling fractions. On small scales, the toy model
power spectrum decreases as k

�4 (see tilted dashed line on the
figure). The intersection point of the horizontal and tilted dashed
lines on the figure corresponds to k = 91/4/R (dashed vertical
line), hinting at a relation between the cut-o↵ frequency and the
bubble size. Note that Xu et al. (2019) find a similar feature, also
related to the typical bubble size, in the bias between the H i and
matter fields.

This behaviour is close to what we observe in the free
electrons density power spectra of our six simulations in the
early stages of reionisation as can be seen on the right panel
of Fig. 2, showing Pee(k, z) for the first of our six simulations.
Therefore, we choose in this work to use a direct parameterisa-
tion of the scale and redshift evolution of Pee(k, z) during reion-
isation and calibrate it on our simulations. The parameters, ↵0
and , are defined according to:

Pee(k, z) =
↵0 xe(z)�1/5

1 + [k/]3xe(z)
. (13)

In log-space, on large scales, Pee has a constant amplitude which,
as mentioned above, depends on the filling fraction and there-
fore reaches its maximum ↵0 at the start of the reionisation
5 The bubble radii actually follow a Gaussian distribution centred on
15 px with standard deviation 2 px.

process, when the variance in the free electron field is maxi-
mal (see Sec. 5.1). It then slowly decreases as xe(z)�1/5. Be-
fore the onset of reionisation, despite the few free electrons
left over after recombination, the amplitude of Pee is negligi-
ble. This constant power decreases above a cut-o↵ frequency
that increases with time, following the growth of ionised bub-
bles, according to xe(z)�1/3. There is no power above this fre-
quency, i.e. on smaller scales: there is no smaller ionised region
than rmin(z) = 2⇡x

1/3
e / at this time. For empirical reasons, we

choose the power to decrease as k
�3 and not k

�4 as seen in the
theoretical power spectrum on small scales. This di↵erence can
be explained by the fact that in our simulations, small ionised
regions will keep appearing as new sources light up, maintain-
ing power on scales smaller than the typical bubble size. Addi-
tionally, the density resolution will allow correlations between
regions within a given bubble, whereas in the toy models ionised
bubbles are only filled with ones. The complexity of the electron
density contrast field is illustrated for one of the six simulations
used in this work on Fig. 2: the underlying matter field is visible
within the ionised regions.

Once reionisation is over and all IGM atoms are ionised, the
fluctuations in free electrons density follow those of dark matter
on large scales (k < 1 Mpc�1). On smaller scales, gas thermal
pressure induces a drop in Pee(k, z) compared to the dark mat-
ter. To describe this evolution at low redshifts, we choose the
same parameterisation as Shaw et al. (2012), given in Eq. (14),
to describe the gas bias b�e(k, z)2 = Pee(k, z)/P��(k, z) but adapt
the parameters to our simulations, which however do not cover
redshifts lower than 5.5:

b�e(k, z)2 =
1
2

"
e�k/k f +

1
1 + (gk/k f )7/2

#
(14)

We find k f = 9.4 Mpc�1 and g = 0.5, constant with redshift.
Our values for k f and g are quite di↵erent from those obtained
by Shaw et al. (2012), as in their work power starts dropping
between 0.05 and 0.5 Mpc�1 compared to k ⇠ 3 Mpc�1 for our
simulations. This can be explained by our simulations making
use of adaptive mesh refinement, therefore resolving very well
the densest regions, so that our spectra are more sensitive to the
thermal behaviour of gas. This model, where k f and g are con-
stant parameters, is a very basic one. It will however be su�-
cient for this work since we focus on the patchy component of
the kSZ e↵ect, at z � 5.5. Additionally, as we will show later, the
scales mostly contributing to the patchy kSZ signal correspond
to modes 10�3 < k/Mpc�1 < 1 where Pee follows the matter
power spectrum, so that a precise knowledge of b�e(k, z) is not
required. In the future, if we want to apply our results to con-
strain reionisation with the measured CMB temperature power
spectrum, we will need a better model as the observed signal
will be the sum of homogeneous and patchy kSZ, with the for-
mer dominating on all scales.

To account for the smooth transition of Pee from a power-law
to a biased matter power spectrum, illustrated in the right panel
of Fig. 2, we write the final form for the free electrons density
fluctuations power spectrum as

Pee(k, z) =
⇥
fH � xe(z)

⇤ ⇥ ↵0 xe(z)�1/5

1 + [k/]3xe(z)
+ xe(z) ⇥ b�e(k, z)2

P��(k, z),
(15)

for fH = 1+Yp/4Xp ' 1.08, with Yp and Xp the primordial mass
fraction of helium and hydrogen respectively. The total matter
power spectrum P�� is computed using the Boltzmann integra-
tor CAMB (Lewis et al. 2000; Howlett et al. 2012) for the linear
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Depends on cosmology and a few reionisa]on parameters (zre, zend,, α0, κ)…
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Combining kSZ / 21cm PS

o Relate the 21cm and the kSZ power spectra through their base ingredient: 
the electron power spectrum
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(9)
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o Use the analytical model of Pee to generate both observable for a given set of 
reionisation parameters in a forecast → constrain reionisation

In
pu

t v
al

ue
s

G
eo

rg
ie

v, 
G

or
ce

 &
 M

el
le

m
a 

in
 p

re
p

21cm sets an upper 
limit on zend

kSZ only
21cm only
Both combined



Colloque CMB France - Adélie Gorce 13December 5, 2023

Combining kSZ / 21cm PS

5
6
7
8
9

z e
n
d

2.5
3.0
3.5
4.0
4.5

lo
g

Æ
0

0.05
0.10
0.15
0.20
0.25

∑

6.
0

7.
5

9.
0

zre

0.05
0.06
0.07
0.08

ø

5 6 7 8 9

zend 2.
5

3.
0

3.
5

4.
0

4.
5

log Æ0

0.
05

0.
10

0.
15

0.
20

0.
25

∑

0.
05

0.
06

0.
07

0.
08

ø

SKA 1000 hours

5
6
7
8
9

z e
n
d

2.5
3.0
3.5
4.0
4.5

lo
g

Æ
0

0.05
0.10
0.15
0.20
0.25

∑

6.
0

7.
5

9.
0

zre

0.05
0.06
0.07
0.08

ø

5 6 7 8 9

zend 2.
5

3.
0

3.
5

4.
0

4.
5

log Æ0

0.
05

0.
10

0.
15

0.
20

0.
25

∑

0.
05

0.
06

0.
07

0.
08

ø

SKA 1000 hours
21cm: 1000hrs of observation with SKA, 2 data points at k = 0.5 hMpc-1 & z = 6.5, 7.8. 
pkSZ: 1 data point at l=3000 with 10% error bar.

o With only three data points, one can recover the reionisation mid- and endpoint with 
very good accuracy
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o With only three data points, one can recover the reionisation mid- and endpoint with 
very good accuracy

o With one extra 21cm data point at a different scale, we can also constrain the 
morphology of reionisation
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21cm: 1000hrs of observation with SKA, 2 data points at k = 0.5 hMpc-1 & z = 6.5, 7.8. 
pkSZ: 1 data point at l=3000 with 10% error bar.
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We can also make an independent
measurement of the Thomson 

opLcal depth!
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Conclusions

To understand reionisation, using all the available data is necessary to overcome systematics 
and uncertainties.
o These works demonstrated the potential of jointly fitting data sets
o Strong constraints possible even with early 21cm data!
A lot of exciting results to expect with forthcoming 21cm and kSZ data!

June 10-14
IAS, Orsay, France

Soon-to-be-announced!


