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details of the reionization process and 
thus to the history of structure formation 
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probability of no scattering = e-𝜏

probability of scattering = 1-e-𝜏

• Astrophysical interest 

• Sources producing the ionizing photons (early star-forming galaxies or exotic sources)? 

• Mean free path of the ionizing photons / typical opacity of the intergalactic medium ?

• Efficiency of the UV photons production?

• Duration of the reionization epoch? 


• Cosmology: (Thomson scattering optical depth 𝜏) error propagates to other 
cosmological parameters  
• leading source of error for neutrino mass as characterized from gravitational lensing

• growth of structure and cosmic acceleration [Hu & Jain 04]

details of the reionization process and 
thus to the history of structure formation 
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+ kinetic Sunyaev–Zeldovich (Alvarez et al. 2021) 
+ hydrogen 21 cm data (Liu et al. 2016) 



Josquin Errard, APC (CNRS)

Errard, Remazeilles et al. (ApJ, 2022)

CoPy, LPNHE, January 2023

5

e-

probability of no scattering = e-𝜏

probability of scattering = 1-e-𝜏

T0 = T̄0 (1 +⇥(n̂)) e�⌧ + T̄0

�
1� e�⌧

�
= T̄0

�
1 +⇥(n̂)e�⌧

�
The rescattered photons have the temperature T of the equilibrated ionized regions. 

observed anisotropies are suppressed by a factor e-𝜏 

C` ! C`e
�2⌧

only on scales smaller than the horizon at reionization i.e. 𝓵 ≳ 10

at the power spectrum level

details of the reionization process and 
thus to the history of structure formation 
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for fixed As

TT

EE

BB

e-2𝜏 attenuation

“reionization” 
bumps

credits: 

Wayne Hu
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Projected 1σ and 2σ constraints on the mean redshift (zre) and 
duration of reionization (∆zre)
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Precision measurements of τ 
are also the only way 

• to break crucial 

degeneracies between 
cosmological parameters 


• provide the tightest 
constraint foreseeable in the 
near future on the neutrino 
mass 

CMB-S4 Collaboration (2016)

non-zero masses of neutrinos hint at the existence of 
additional degrees of freedom beyond the Standard Model 
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fixed As e-2𝜏 

⌧ = 0.01

⌧ = 0.1

Challenges related to measuring 𝜏 through CMB observations
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fixed As e-2𝜏 

⌧ = 0.01

Galactic Foregrounds

white noise floor  

= sensitivity  

= number of detectors 

instrumental and 

astrophysical 

systematics

le
ak

ag
e

⌧ = 0.1

Challenges related to measuring 𝜏 through CMB observations
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Cosmology 

Products
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fixed As e-2𝜏 
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Cosmology 

Products
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⌧ = 0.054± 0.007
�(⌧) = 0.006

Planck collaboration (2020)

Pagano et al. (2020)
These measurements have revolutionized our understanding of the reionization epoch 
[Planck XLVII], and, in combination with large-scale structure data, gave the tightest 
constraint yet on the neutrino mass [Planck VI]

fixed As e-2𝜏 
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credits: Heinrich, Miranda & Hu arXiv:1609.04788
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credits: Heinrich, Miranda & Hu arXiv:1609.04788

?Cosmic Variance
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ground

• relatively low-medium cost

• high difficulties to constrain large angular 

scales due to the environment

• limited frequency bands due to atmosphere

space

• relatively high cost

• great environment

• large fraction of the sky, no 

frequency limitation

CLASS

G
ro
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ground

• relatively low-medium cost

• high difficulties to constrain large angular 

scales due to the environment

• limited frequency bands due to atmosphere

space

• relatively high cost

• great environment

• large fraction of the sky, no 

frequency limitation

balloon

• risky, but relatively low cost

• atmospheric contamination greatly reduced

• >50% sky fraction, high frequency doable

Taurus

Tau-Surveyor

CLASS

G
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⌧ = 0.05

⌧ = 0.1

➔ How well can a CMB balloon perform in 
measuring the reionization optical depth? 

13

cosmic variance 
for half the sky

➔ choice of an instrument 
design and observation strategy

➔ we look at different Galactic 
foreground simulations

➔ we exploit 2 data analysis 
pipelines and look at the 𝛕±σ(𝛕)

Tau-Surveyor proposal
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ultralong-duration 
flight from Wanaka, 
New Zealand.

(40 nights assumed)

14
~ 1.1T
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40% 48%

54% 80%

achievable with 2 balloons, one in 
the North and one in the South!

15

57% of the sky can be observed using night-time only
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• 6 frequency bands 

• 15k detectors 

• 7 uK-arcmin sensitivity in polarization

• beam 14-35arcmin
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150 GHz

380 GHz

310 GHz
260 GHz
210 GHz

40 GHz, fsky=40%

90 GHz, fsky=40%

40% ≤ fsky ≤ 54%

⌧ = 0.01

⌧ = 0.05

⌧ = 0.1

17

noise @ 7 uK-arcmin

Challenges: focus on dust domination
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+ 30/44GHz

high signal-to-noise

Frequency spectra of CMB E-
mode and polarized intensity 

of Galactic foregrounds on 

large angular scales

 2 ≤ 𝓵 ≤ 20. 

Challenges: focus on dust domination
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sky simulations 
CMB + noise + galactic foregrounds

d1s1 d7s3 MKD

x 10

19

X
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sky simulations 
CMB + noise + galactic foregrounds

d1s1 d7s3 MKD

x 10

19

Zonca et al. 2021 

Draine & Hensley 2013 

“ […] the dust emission is modeled 
as arising from a population of dust 
grains with different compositions, 
s i zes , and t empe ra tu res , as 
described by Hensley (2015).”

X
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Draine & Hensley 2013 

“ […] the dust emission is modeled 
as arising from a population of dust 
grains with different compositions, 
s i zes , and t empe ra tu res , as 
described by Hensley (2015).”

Martínez-
Solaeche et al. 

2018
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“the parameters describing the 
frequency scaling of the dust 
emission vary across the sky, 
they must also vary along the 
line of sight.“

X
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foregrounds complexity ↗
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d1s1 d7s3 MKD

component separation

NILC fgbuster

20

x 10

• harmonic

• blind/non-parametric

• parametric

• pixel-based 

X
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x 10

X
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sky simulations 
CMB + noise + galactic foregrounds

d1s1 d7s3 MKD

component separation

NILC fgbuster

spectral likelihood

foreground-cleaned CMB

22

assuming 2 modified black bodies (βd(1), Td(1), βd(2) free, Td(2)=20K) + synchrotron (βs =-3 fixed)

x 10

X
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sky simulations 
CMB + noise + galactic foregrounds

d1s1 d7s3 MKD

component separation

NILC fgbuster

cosmological analysis, ℒ(𝜏)

23

𝜏 ± 68% c.l. σ(𝜏)

x 10

X
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cosmological analysis, ℒ(𝜏)
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𝜏 ± 68% c.l. σ(𝜏)

x 10

X

• removing / adding 
high frequencies 


• changing fsky


• considering or not 
synchrotron in the 
analysis
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biases

total 

residuals

NILC

fsky = 40%
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biases

total 

residuals

fgbuster

fsky = 40%
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cosmic 
variance

total 
variance

biases
NILC

fsky = 40%
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fgbuster

cosmic 
variance

total 
variance

biases

fsky = 40%
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fgbuster

cosmic 
variance

total 
variance

biases

fsky = 40%

can be improved by lowering 
degrees of freedom in the 

component separation
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• forgetting about 
synchrotron in the 
analysis leads to 
several σ biases on 𝝉.


• A North+South 𝝉S 
flights could potentially 
lead to σ(𝝉) < 0.003

• removing the 2 highest 
frequency bands leads to an 
increase of σ(𝝉) but also an 
increase of the bias 
➔ one of the benefits from 
balloon-borne experiments


• adding 2 more frequency 
bands > 400GHz does not 
tighten constraint on 𝝉.
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• increasing fsky decreases σ(𝝉) but biases could quickly become significant 
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3σ detection of the minimal Σmν = 58meV 
⚠ MKD foregrounds 
⚠ removal of the hightest frequency bands

𝜏S
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# of degrees of 
freedom in the 

component 
separation

true input 𝝉 value

• bias on 𝝉 goes down with an increasing number of dof (in the 
component separation)


• error bars go up with an increasing number of dof

• optimal tradeoff, in the particular case of 𝝉S, is for 2MBB and 3 dof.

bias un
ce

rta
int

y
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Conclusions 

• 2 frequency bands > 300GHz lead to a 20-60% smaller σ(𝝉) relative to a 
configuration without them;


• adding 2 more frequency bands > 400GHz does not tighten constraint on 𝝉;


• only under the most optimistic assumptions the balloon achieves a 3σ 
detection of the minimal sum of neutrino masses (58meV), when combined 
with CMB lensing and DESI BAO;


• synchrotron emission cannot be neglected;

• a 𝝉S-like instrument would give only mild improvement on 𝝉 constraints 

under the MKD foreground;

• increasing fsky decreases σ(𝝉) but biases could quickly become significant;


• North+South 𝝉S flights could potentially lead to σ(𝝉) < 0.003 over fsky =80%.

➔ more details at https://arxiv.org/abs/2206.03389
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PhD, PostDoc and software engineer positions to 
be filled this year! 
➔ contact me if interested: josquin@apc.in2p3.fr

➔ more info at scipol.in2p3.fr

mailto:josquin@apc.in2p3.fr
http://scipol.in2p3.fr

