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๏ tSZ/kSZ is hidden among many other signals 
๏ tSZ/kSZ not negligible at small scales as Primordial CMB damped

SECONDARIES IN FREQUENCY MAPS 
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๏ Information on reionisation history

๏ Information on reionisation morphology
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THE KINETIC SUNYAEV ZEL’DOVICH EFFECT

rsage simulations at xHII = 0.30

fej SFR
Gorce+2020, see also McQuinn+2005; Iliev+2007; Battaglia+2013; Mesinger+2012, Park+2013, Chen+2022… 
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๏ CMB experiments constrain kSZ amplitude and propagate 
to reionisation:
๏  Dlate-time(l=3000) ∝ τ0.44                 (Shaw+2012)

๏  Dpatchy(l=3000) ∝ zre and Δz0.51     (Battaglia+2013)

๏ Most recent constraints: SPT+Planck
๏ Dp3000 = 1.1 +1.0/-0.7 µK2

๏ Δz = 1.1 +1.6/-0.7

29/04/2021

CURRENT CONSTRAINTS

Total kSZ amplitude (μK2)
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Δz
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Issues in the way EoR is currently modelled in CMB data analysis:

๏ Use of templates although amplitude and shape depend on reionisation  (e.g. 
McQuinn+2006, Iliev+2007, Mesinger+2012)                          

๏ Scaling relations between kSZ amplitude and EoR parameters are largely dependent on 
the simulations used (Park+2013)

๏ Different xe(z) used for large- and small-scale modelling

๏ ⟶ Inconsistent hypotheses: Motivation to develop a semi-analytic derivation of the kSZ 
power based on cosmology and EoR parameters
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CURRENT CONSTRAINTS

rsage simulations at xHII = 0.30
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DERIVING THE KSZ POWER SPECTRUM

AmplitudeShape

 D. Aubert’s simulation (see Aubert+2015, Chardin+2019)
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where the z-dependencies have been omitted for simplicity. Here, Pee is the power spectrum of the free
electrons density fluctuations and Pev is the free electrons density - velocity cross-spectrum.

2.2 Simplifications
Following McQuinn et al. (2005) and Mesinger et al. (2012), we assume that the cross spectra including
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Indeed, although the Pee, Pvv and Pve spectra have similar amplitudes, the equation will be dominated
by k

0 near zero for k � 1 Mpc
�1, i.e. the scales of interest for the study of kSZ. We further simplify our

equations by using a rms velocity field defined as (Hu 2000; Ma & Fry 2002):
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In the linear regime, we can write v(k) = ik (fȧ/k) �̃(k), where a is the scale factor and f the linear
growth rate defined by f(a) = dlnd/dlna for d the growth function. Note that in the matter-dominated
era, d(a) ⇠ a. Therefore we can fully compute the velocity power spectrum and so the rms velocity field
from linear theory and not be limited by the simulation resolution. We have:
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THE POWER SPECTRUM OF FREE ELECTRONS PEE(K,Z)
Early times: power-law

𝛼0𝑥𝑒(𝑧)−1/5

𝜅𝑥
𝑒(𝑧

)−
1/

3

Slope -3

• α0 : constant amplitude on large scales ⟷ variance of the field 

• κ: drop-off frequency ⟷ minimal size of ionised regions
Gorce+, A&A 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
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A SIMPLE PARAMETERISATION
Fitting formula to the spectra of simulations

Compute the angular patchy kSZ power spectrum

Posteriors on the two parameters  and  
Known reionisation history

𝛼0 𝜅 

Applied to three types of simulations: 

• rsage: Three different models of the escape fraction (Seiler+2019) 

• 21CMFAST: Semi-numerical simulations of reionisation (Mesinger+2007, 2011, Park+2018) 

• EMMA: r-hydro simulations with ≠ star formation (Aubert+2015, Chardin+2019) 

! Robust to different physics

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:
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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
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stant parameters, is a very basic one. It will however be su�-
cient for this work since we focus on the patchy component of
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scales mostly contributing to the patchy kSZ signal correspond
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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.
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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)
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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:
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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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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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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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Fig. 8. Comparison of results for the three rsage simulations (upper panels) and the three 21CMFAST runs (lower panels) considered. Left
panel: Reionisation histories. Middle panel: Patchy kSZ angular power spectra. The data point corresponds to constraints from Reichardt
et al. (2020). Right panel: Minimal size of ionised regions as a function of global ionised level. The shaded areas correspond to the 68%
confidence interval propagated from the 68% confidence intervals on the fit parameters.

of many small bubbles at the start of the process. This translates
into this simulation having the largest best-fit  value of the three
( = 0.130 ± 0.003 Mpc�1) and so the smallest rmin(xe). Natu-
rally, the resulting kSZ spectrum peaks at smaller angular scales.
For the other extreme case Mturn = 1010

M�, because the minimal
mass required to start ionising is larger, the ionising sources are
more e�cient and the ionised bubbles larger. Indeed, we find a
smaller value of  = 0.093 ± 0.003 Mpc�1. With larger bubbles,
we also expect the variance in the ionisation field at the start of
the process to be higher than if many small ionised regions cover
the neutral background. This corresponds to the larger value of
log↵0 = 3.79 ± 0.04 found for this simulation, compared to
3.30± 0.03 for the first one. However, this larger value of ↵0 this
time does not result into the strongest kSZ signal because of the
very di↵erent reionisation histories of the three simulations. As
we have seen in the previous section, the amplitude of the signal
is strongly correlated with the duration and midpoint of reioni-
sation, resulting in the first simulation (Mturn = 108

M�), corre-
sponding to the earliest reionisation, having the strongest signal.
This again emphasises how essential it is to consider both reion-
isation morphology and global history to derive the final kSZ
spectrum.

These results show that our proposed simple two-parameter
expression for Pee(k, z) can accurately describe di↵erent types of
simulations, i.e. di↵erent types of physics, further validating the

physical interpretation of the parameters ↵0 and  detailed in the
next Section.

5. Discussion and conclusions

5.1. Physical interpretation of the parameters

Many previous works have empirically related the angular
scale at which the patchy kSZ power spectrum reaches its maxi-
mum `max to the typical size of bubbles during reionisation (Mc-
Quinn et al. 2005; Iliev et al. 2007; Mesinger et al. 2012). To test
this relation, we compute the patchy kSZ power spectrum for a
given reionisation history xe(z) and ↵0 but let  values vary. We
find a clear linear relation between  and `max as shown in Fig. 9.
Despite very di↵erent reionisation histories and physics at
stake, previous results on the six high-resolution simulations,
on 21CMFAST, and on rsage, roughly lie along this line.
This means that a detection of the patchy power spectrum
in CMB observations would make it possible to directly es-
timate `max, giving access to  without bias from reionisation
history, and to the evolution of the typical bubble size. As the
growth of ionised regions depends on the physical properties
of early galaxies, such as their ionising e�ciency or their star
formation rate and on the density of the IGM, constraints on
 could, in turn, give constraints on the nature of early light
sources.
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๏ There is information about reionisation in the kSZ spectrum…
     … but it is not used in current analyses, resulting in 

imprecise constraints

๏ Proposed solution: 
๏ Replace templates by analytic derivations of the SZ 

spectra to retrieve the cosmological information enclosed 
in the foregrounds

๏ For the tSZ spectrum → Douspis, Salvati, Gorce & Aghanim 2022

๏ For the kSZ spectrum → Gorce, Douspis & Salvati 2022

๏ But the computation is expensive (one min per l…) 

CURRENT HIGH-L ANALYSES

→ CMBFrance#2
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๏ Training Random forest with random values of 9 params 
on 25 l-values of the Cls (l=100 to l=10500) [scikit-learn]
๏ 5 cosmo + 2 Reio + 2 kSZ

๏ Training 50000 models (test on 20%)
๏ RF Score of 99%

๏ Reconstruction error < 5%

๏ (<1% late time)
๏ Absolute error < 0.02 μK2

EMULATING KSZ POWER SPECTRUM
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๏ Results on tkSZ amplitudes:
๏ Clean and consistent measurement of the tSZ and kSZ 

amplitudes
๏ Breaks the degeneracy

RESULTS ON SPT DATA: FIXED COSMOLOGY

DkSZ = 3.5 ± 0.6 μK2 
(1σ) 

 → 3σ to 6σ meas.

Gorce, Douspis, Salvati 2022
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๏ Results on tkSZ amplitudes:
๏ Clean and consistent measurement of the tSZ and kSZ 

amplitudes
๏ Breaks the degeneracy

๏ But constraints on EoR depend on cosmology

RESULTS ON SPT DATA: FIXED COSMOLOGY
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๏ Planck 2018 priors on Ωbh2, Ωch2, θMC, ns 
๏ Flat priors on other parameters (As, reion) 

RESULTS ON SPT DATA: FREE COSMOLOGY

Gorce, Douspis, Salvati 2022

9 and 5σ measurements  
of tSZ and kSZ resp.  
(≠ tSZ alone results)

Separate components: 
Late-time contributes to 85% 

DpkSZ < 1.6 μK2 (95%)

tSZ kSZ Late time kSZ Patchy kSZ
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RESULTS ON SPT DATA: FREE COSMOLOGY

Can see the shape of the 
spectra!!

Gorce, Douspis, Salvati 2022
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๏ Results on EoR

RESULTS ON SPT DATA: FREE COSMOLOGY

SPT data favour a different 
cosmology than Planck, including 

earlier reionisation: 
τ = 0.062 ± 0.012 (1σ) 

zre = 7.9 ± 1.1 (1σ)

Gorce, Douspis, Salvati 2022
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๏ There is potential in the small-scale CMB, even at the 2-point level

๏ Already with SPT (and ACT), leveraging the cosmological information in 
foregrounds leads to 
๏ cleaner measurements

๏ Self-consistent constraints on reionisation:

๏ … but mostly with CMB-S4

๏ Next: 

๏ Improve modelling of other foregrounds
๏ Consistent analysis with large-scale data (SPT-Planck tension?) 
๏ Joint constraints of kSZ with other data sets 

๏ tSZ & kSZ computations are public and available: https://szdb.osups.universite-paris-saclay.fr 

2220/07/2022

CONCLUSIONS

DkSZ = 3.4 ± 0.5 μK2, 1σ 
DpkSZ < 1.59 μK2 (95% C.L.) 

zre = 7.9 ± 1.1 (1σ) 
τ = 0.062 ± 0.012



23

French ANR funding project “BATMAN” on 
CMB constraints on neutrinos with acurrate 

reionisation history and gas physics 

⟹ 3 postdoc positions opened now !! 

http://batman-anr.ias.universite-paris-saclay.fr
https://inspirehep.net/jobs/2170877 -> IAS
https://inspirehep.net/jobs/2170876 -> IRAP
https://inspirehep.net/jobs/2170871 -> IJCLab
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