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THE SUNYAEV ZEL’DOVICH EFFECTS
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Bulk motion in reionised gas in late universe

→ homogeneous kSZ

Planck collab.

NIKA2 collab. Adam et al.
©Douspis
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๏ tSZ/kSZ is hidden among many other signals 


๏ tSZ/kSZ not negligible at small scales as Primordial CMB damped

➡ transform contaminents in cosmology probes

SECONDARIES IN CMB ANALYSES

Planck coll. 2013 
Addison et al. 2012

Planck/Large scales SPT/small scales 

tSZ

tSZ
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1. Probes cosmology (mostly Ωm and σ8)


2. Probes astrophysics of clusters/groups


scaling relation, pressure profile, 
hydrostatic mass bias 


THE SUNYAEV ZEL’DOVICH EFFECTS

Gorce+2020, see, e.g., McQuinn+2005; Iliev+2007; Battaglia+2013; 
Park+2013; Paul+2021, Chen+2023… 
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1. Probes global reionisation history


2. Probes reionisation morphology

(and effectively galaxy properties)
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tSZ kSZ (patchy) 

Komatsu & Seljak, Taburet  et al 2009, Bolliet et al.,

Salvati et al. , Planck collab., Douspis et al   
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๏ Let's exploit the full cosmological information of extragalactic 
components (tSZ, kSZ, …) in CMB analyses in coherent 
modelling and coherent analyses !

5

IMPROVING THE CMB ANALYSES

Replace in SPT analysis 

<latexit sha1_base64="6PAF//hF1XveTMnBSvZZx7iNHuc="></latexit>

Cobs
` = CCMB

` (⇥, xe = tanh) +AtSZCtemp�t
` +AkSZCtemp�k

` + ....

By
<latexit sha1_base64="jNADUsNRdMBIErs23uKDhx9fJkY="></latexit>

Cobs
` = CCMB

` (⇥, xe = asym) + CtSZ
` (⇥) + CkSZ

` (⇥, xe = asym) + ....

Cosmology

Reionisation

Douspis et al 2006

Halo model Semi-analytical model

Taburet et al. 2009, Douspis, Salvati, Gorce, Aghanim 2022 Gorce et al 2020, Gorce, Douspis, Salvati 2022 

Reichardt et al 2021
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๏ Training Random forest on 5 cosmo + 2 Reio + 2 kSZ + 3 tSZ

๏ Training 50000 models (test on 20%)


๏ Reconstruction error < ~1%  (0.02 μK2 vs Obs err. ~ 0.4 μK2)


➡ moving to NN cosmopower like (Spurio Mancini+2021) for better accuracy 


➡ used in LiteBIRD SZ analysis

EMULATING TKSZ POWER SPECTRA

tSZ kSZ 

100 to 1000 times faster

Remazeilles, Douspis, LiteBIRD collab+2024
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๏ When cosmology is “free”: amplitudes of tkSZ

๏ Planck 2018 priors on Ωbh2, Ωch2, θMC, ns


๏ Flat priors on other parameters (As and reion: zre, zend, κ, α0) 

RESULTS ON SPT DATA + PLANCK PRIORS

9 and 5σ measurements of tSZ and kSZ resp. 

(≠ tSZ alone results)

               Late-time kSZ            Patchy kSZ

Gorce, Douspis, Salvati 2022



MARIAN DOUSPIS - KIAS WORKSHOP 2024 8

๏ When cosmology is “free”: cosmology and EoR


๏

RESULTS ON SPT DATA + PLANCK PRIORS

SPT data include models of earlier 
reionisation than Planck:


τ = 0.062 ± 0.012 (1σ)

zre = 7.9 ± 1.1 (1σ)

See also Jain+2023, Nikolic+2023
Gorce, Douspis, Salvati 2022
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Common foregrounds model and likelihood for Planck+SPT+ACT 
๏ based on Planck PR4 likelihood (Tristram+24)


๏ extended to ACT, SPT (Choi+20, Recihardt+20) , 

๏ using emulators of tSZ and kSZ (Douspis+22, Gorce+22)


๏ with asymetric EoR (Douspis+ 15)

CONSISTENT ANALYSIS ACROSS SCALES

ONGOING

VERY PRELIMINARY
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๏ What?


๏ How?


๏ Results:


๏ Ongoing:


๏ Use an analytical model of tkSZ PS to include it in cosmological 
parameter inference


๏ Combine cosmological information across scales


๏ Parameterisation of the electron power spectrum calibrated on 
hydrodynamical simulations


๏ Emulators of the tkSZ angular PS (soon updated)

                       (available at https://szdb.osups.universite-paris-saclay.fr)


 

๏ First self-consistent constraints on reionisation: 


                          zre = 7.9 ± 1.1 ⟷ τ = 0.062 ± 0.012 


๏ Improved reionisation kSZ model and tSZ pressure profiles

๏ Consistent/coherent analysis of Planck+SPT+ACT

๏ Joint analysis with other reionisation observables

๏ Application to neutrino mass constraints

10

CONCLUSIONS
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DERIVING POWER SPECTRA
Amplitude

Shape
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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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 EMMA simulation 

(Aubert+2015, Chardin+2019)

➡Recalibrate on LoReLi simulations: 10 000 simulations of 
reionisation varying astrophysics Meriot & Semelin 2023

➡Include a physical dependence, e.g., with symbolic regression

Slope -3

Cls[Θ] ≡ ∫ ∫ ∫ dMdz dV χ(obs) S(obs − M )
dN

dMdz
p(M, z)

f(�) = A


1 +

⇣�
b

⌘�a
�
exp

⇣
� c

�2

⌘

dN(M500, z)

dM500
= f(�)

⇢m(z = 0)

M500

dln��1

dM500

E��(z)


D2

A(z)Y500

10�4 Mpc2

�
= Y⇤


h

0.7

��2+↵ 
(1� b)M500

6 · 1014M�

�↵

Mass function

Scaling relation

Gas pressure profile
Arnaud et al, Planck, PACT, …

➡ Improvement on scaling  and profile with new cluster/
group  samples, eg CHEXMATE


tSZ kSZ Douspis, Salvati, Gorce, Aghanim 2022 Gorce, Ilic, Douspis, Langer 2020

Miren Muñoz-Echeverría 

Lisa Mc Bride
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๏ When cosmology is “free”: shapes of tkSZ

๏ Planck 2018 priors on Ωbh2, Ωch2, θMC, ns 


๏ Flat priors on other parameters (As and reion: zre, zend, κ, α0) 

RESULTS ON SPT DATA: FREE COSMOLOGY

Can see the shape of the spectra!!

Gorce, Douspis, Salvati 2022


