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What is cosmology ?

It is the field of physics describing the nature of the
Universe, its structure and its evolution




O General relativity, 1915
Einstein equation:

Newtonian gravitational
constant
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O General relativity, 1915
Einstein equation:

Newtonian gravitational
constant
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4D spacetime curvature Energy content of the

Universe (baryonic matter,
photons, neutrinos...)

2D representation of spacetime deformed by a massive object
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J Cosmological principle

Cosmological principle: at cosmological scales, the Universe is homogeneous and isotropic
=> implies symmetry considerations for both T'Wand GW

Aleksandr Friedmann, not
pipe smoking
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J Cosmological principle

Cosmological principle: at cosmological scales, the Universe is homogeneous and isotropic
=> implies symmetry considerations for both Tu,/and GW

Friedmann’s equations (solution to Einstein equation)
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Aleksandr Friedmann, not
= links the dynamic behavior of the Universe with its energy content pipe smoking
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J Redshift definition
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O Expansion of the Universe, 1929
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O Expansion of the Universe, 1929
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O Expansion of the Universe, 1929

e Only 22 sourcesobserved
e Poor photometric calibration
e Confusion between gas clouds and galaxies

Edwin Hubble, pipe smoking

Ugal X D gal
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O Expansion of the Universe, 1929

e Only 22 sourcesobserved
e Poor photometric calibration
e Confusion between gas clouds and galaxies

Factor ~7 between Hubble and current estimation:

Ho tubble ~ 500km'.s7 . Mpct Hy current = 71 £ 3km'.s7 . Mpc?

Edwin Hubble, pipe smoking
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O Expansion of the Universe, 1929

e Only 22 sourcesobserved
e Poor photometric calibration
e Confusion between gas clouds and galaxies

Factor ~7 between Hubble and current estimation:

Ho tubble ~ 500km'.s7 . Mpct Hy current = 71 £ 3km'.s7 . Mpc?

Edwin Hubble, pipe smoking

But. Vool X D
e Clear linear correlation between redshift zand gal gal
galaxy distance D_, —
: : . , . cz < D gal
=> First evidence of the Universe’s expansion
Generallgrljlativity
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Universe expansion
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J Cosmic Microwave Background discovery, 1965

Several models to explain the Universe’'s expansion, including the
Big Bang theory = need for observational confirmation

A. Penzias and R. Wilson, not pipe smoking,
standing on the Holmdel Horn Antenna
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J Cosmic Microwave Background discovery, 1965

Several models to explain the Universe’'s expansion, including the
Big Bang theory = need for observational confirmation

Milky Way observation with the Holmdel Horn Antenna (~2.39 GHz),
but isotropic noise is measured:

-

A. Penzias and R. Wilson, not pipe smoking,
standing on the Holmdel Horn Antenna
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J Cosmic Microwave Background discovery, 1965

Several models to explain the Universe’'s expansion, including the
Big Bang theory = need for observational confirmation

Milky Way observation with the Holmdel Horn Antenna (~2.39 GHz),
but isotropic noise is measured:

e Interference from New York radio emission?

A. Penzias and R. Wilson, not pipe smoking,
standing on the Holmdel Horn Antenna
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J Cosmic Microwave Background discovery, 1965

Several models to explain the Universe’'s expansion, including the
Big Bang theory = need for observational confirmation

Milky Way observation with the Holmdel Horn Antenna (~2.39 GHz),
but isotropic noise is measured:

e Interference from New York radio emission ? )

A. Penzias and R. Wilson, not pipe smoking,
standing on the Holmdel Horn Antenna
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J Cosmic Microwave Background discovery, 1965

Several models to explain the Universe’'s expansion, including the
Big Bang theory = need for observational confirmation

Milky Way observation with the Holmdel Horn Antenna (~2.39 GHz),
but isotropic noise is measured:

e Interference from New York radio emission ? )
e Pigeons and bats pooped on the telescope ?
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A. Penzias and R. Wilson, not pipe smoking,
standing on the Holmdel Horn Antenna
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J Cosmic Microwave Background discovery, 1965

Several models to explain the Universe’'s expansion, including the
Big Bang theory = need for observational confirmation

Milky Way observation with the Holmdel Horn Antenna (~2.39 GHz),
but isotropic noise is measured:

e Interference from New York radio emission ? )
e Pigeons and bats pooped on the telescope ? v

A. Penzias and R. Wilson, not pipe smoking,
standing on the Holmdel Horn Antenna
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J Cosmic Microwave Background discovery, 1965

Several models to explain the Universe’'s expansion, including the
Big Bang theory = need for observational confirmation

Milky Way observation with the Holmdel Horn Antenna (~2.39 GHz),
but isotropic noise is measured:

e Interference from New York radio emission ? )
e Pigeons and bats pooped on the telescope ? v but X

. Penzias and R. Wilson, not pipe smoking,
standing on the Holmdel Horn Antenna
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J Cosmic Microwave Background discovery, 1965

Several models to explain the Universe’'s expansion, including the
Big Bang theory = need for observational confirmation

Milky Way observation with the Holmdel Horn Antenna (~2.39 GHz),
but isotropic noise is measured:

e Interference from New York radio emission ? )

e Pigeons and bats pooped on the telescope ? v but X

e Groundbreaking and Nobel Prize worthy discovery confirming
the Big Bang cosmological model ?

. Penzias and R. Wilson, not pipe smoking,
standing on the Holmdel Horn Antenna
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J Cosmic Microwave Background discovery, 1965

Several models to explain the Universe’'s expansion, including the
Big Bang theory = need for observational confirmation

Milky Way observation with the Holmdel Horn Antenna (~2.39 GHz),
but isotropic noise is measured:

e Interference from New York radio emission ? )
e Pigeons and bats pooped on the telescope ? v but X
e Groundbreaking and Nobel Prize worthy discovery confirming e e (1 ilsor, ot pipe smoking,
the Big Bang cosmological model ? v
= isotropic thermal source of 2.7K
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O Dark matter discovery

Studies for galaxy dynamics:

- 1galaxy observed : Andromeda
- 67 gasregion observed inside

Vera Rubin, not pipe smoking,
measuring spectra
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O Dark matter discovery e B

Studies for galaxy dynamics:

(KM/SEC

- 1galaxy observed : Andromeda 5 300} + + ;
- 67 gasregion observed inside {

ROTATIONAL VELOCITY
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HIl gas region velocity against distance from nucleus of
Andromea galaxy (Rubin, 1970)

Vera Rubin, not pipe smoking,
measuring spectra

1915 1965
General relativity CMB discovery
: ® L : ® ® O Of
1900 1950 2000

Universe expansion Dark matter discovery
1929 1970




O Dark matter discovery e B

Studies for galaxy dynamics: Expected decreasing curve, got plateau

- 1galaxy observed : Andromeda -
- 67 gasregion observed inside
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HIl gas region velocity against distance from nucleus of
Andromea galaxy (Rubin, 1970)

: . Hints for halo of invisible mass
Vera Rubin, not pipe smoking, = First evidence of dark matter

measuring spectra
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O CMB anisotropies measurements

Is the CMB truly isotropic ? Ground and balloon-borne experiments tried to measure
anisotropies = but were limited by atmospheric and instrumental noise

1915 1965 1992
General relativity CMB discovery CMB anisotropies
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O CMB anisotropies measurements

Is the CMB truly isotropic ? Ground and balloon-borne experiments tried to measure
anisotropies = but were limited by atmospheric and instrumental noise

=» need for spacecraft with highly sensitives instrument: Cosmic Background Explorer (COBE)

1915 1965 1992
General relativity CMB discovery CMB anisotropies
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O CMB anisotropies measurements

Is the CMB truly isotropic ? Ground and balloon-borne experiments tried to measure
anisotropies = but were limited by atmospheric and instrumental noise

=» need for spacecraft with highly sensitives instrument: Cosmic Background Explorer (COBE)

Artist's concept of the COBE

CMB anisotropies detection: + 30 uK

= same order of magnitude as
instrumental noise

spacecraft Temperature map of the CMB obtained with
2-year observations from COBE
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O Dark energy

SNe la observations for Universe’s expansion study:

e High-Z Supernova Search Team: 16 + 34 others
e Supernova Cosmology Project (SCP): 42 + 18 others

=> Both did joint analysis with Calan-Tololo survey (and others)
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O Dark energy

SNe la observations for Universe’s expansion study:

e High-Z Supernova Search Team: 16 + 34 others
e Supernova Cosmology Project (SCP): 42 + 18 others

=> Both did joint analysis with Calan-Tololo survey (and others)
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O Dark energy astnce.
=

E

SNe la observations for Universe’s expansion study: 3
s

e High-Z Supernova Search Team: 16 + 34 others g
e Supernova Cosmology Project (SCP): 42 + 18 others a

=> Both did joint analysis with Calan-Tololo survey (and others)
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O Precision cosmology era

The contemporary cosmology has reached a high-precision era:

e SNela:
o ~10%observations (ZTF) — ~10° within the next decade (LSST)
o Joint analysis with ~10° observations & up to 24 different datasets
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General relativity CMB discovery CMB anisotropies Precision cosmology era
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O Precision cosmology era

The contemporary cosmology has reached a high-precision era:

e SNela:

o ~10%observations (ZTF) — ~10° within the next decade (LSST)
o Joint analysis with ~10° observations & up to 24 different datasets

e CMB:
o Temperature precision of few pK
o Polarization measurements of ~1°

1915 1965

General relativity CMB discovery
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O Precision cosmology era

The contemporary cosmology has reached a high-precision era:

e SNela:
o ~10%*observations (ZTF) — ~10° within the next decade (LSST)
o Joint analysis with ~10° observations & up to 24 different datasets

e CMB:
o Temperature precision of few pK
o Polarization measurements of ~1°

=> Surveys become more sensitive, with bigger datasets
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General relativity CMB discovery CMB anisotropies Precision cosmology era
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Type la supernovae cosmology
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O Explosion mechanism

e Explosion of a carbon-oxygen white dwarf (WD) with amass > 1.4 M_

Remnant of SN 1006
observed with the Chandra X-ray Observatory
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J Type la supernovae spectrum

Typical SN la Spectral Features at max

Flux [Erg/ cm?/s/ A]
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SN la spectrum (Chotard, 2011)

8000

e Absence of hydrogen line
e StrongSiline (6355 A)
e Intermediate-mass

elements from oxygen to
calcium
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https://en.wikipedia.org/wiki/Calcium
https://en.wikipedia.org/wiki/Calcium

O SNe la light curve

Normalized Flux (F,) + Const.

Spectrum temporal evolution of SN2011fe
(Pereiraetal., 2013)

N NI

Wavelength (A)

1-15.2
1-14.3
1-13.3
1-12.2
1-11.3
1-10.3
1-9.3
1-8.3
1-7.2
1-6.3
1-5.3

1-1.3
1-0.3
10.7
11.7
12.7
b 3.7

16.7

18.7

111.7
113.7
116.7
118.7
121.7
123.7

J7a1
1772
1791
1821
187.1
1891
4197.1

3200 4000 5000 6000 7000 8000 9000 10000

Phase Relative to B Maximum (days)

37




O SNe la light curve

Spectrum temporal evolution of SN2011fe
(Pereiraetal., 2013)

Normalized Flux (F,) + Const.
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Spectrum temporal evolution of SN2011fe

O S N e I a I.i g ht C U rve (Pereiraetal.,, 2013)
SN la light curves in B band (Hazenberg, 2019) M
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O SNe la light curve

—-20 1

SN la light curves in B band (Hazenberg, 2019)
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Spectrum temporal evolution of SN2011fe
(Pereiraetal., 2013)
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J SNe

-20

la light curve

SN la light curves in B band (Hazenberg, 2019)
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(Pereiraetal., 2013)
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J Hubble diagram

Distance modulus:

Restframe Absolute
magnitude magnitude

= dispersion in y of ~40%

Plot y against z— Hubble Diagram

= Mops — M

Hobs
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https://moriond.in2p3.fr/2024/Cosmology/transparencies/2_tuesday/1_morning/05_Ginolin.pdf

O Standardization parameters
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https://moriond.in2p3.fr/2024/Cosmology/transparencies/2_tuesday/1_morning/05_Ginolin.pdf

O Standardized Hubble diagram

Distance modulus:
p=mpy— Mg — Bc+ ax; — p

= p dispersion reduced to ~14%

Hubble diagram

(https://moriond.in2p3.fr/2024/Cosmology/transparencies/2 tuesday/1 morning/05 Ginolin.pdf)
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https://moriond.in2p3.fr/2024/Cosmology/transparencies/2_tuesday/1_morning/05_Ginolin.pdf

O Standardized Hubble diagram

Distance modulus:
p=mpy— Mg — Bc+ ax; — p

= p dispersion reduced to ~14%

= Infer constraints on cosmological
parameters such asw

Union Hubble diagram (Rubin et al., 2023)
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Photometric calibration
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O SNe la flux measurement

SN la spectrum observed through telescope filter
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SN transmission  Atmosphere
spectrum transmission
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O SNe la flux measurement

10-11

Flux [erg/cm?® /s/A]
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SN la spectrum observed through telescope filter

Z=1

3000 4000 5000 6000 7000 8000 9000 10000 1100C
Y

Fy — / AdA X S (N Tx(\) Toem (M)

Goal : Measure relatively F; of SNe spectra at
different redshift z

But:
- spectra extend on several filters

- FB for different redshift z is measured in different
bands
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O SNe la flux measurement

10-11

SN la spectrum observed through telescope filter

1y
2= B |
4000 5000 6000 7000 8000 9000 10000 11000C
A A

Fy — / AdA X S (N Tx(\) Toem (M)

Goal : Measure relatively F; of SNe spectra at
different redshift z

But:
- spectra extend on several filters

- FB for different redshift z is measured in different
bands

Reference star = calibrate the flux transmission for
each filter
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O SNe la flux measurement

10-11

29 |

SN la spectrum observed through telescope filter

2=

3000 4000 5000 6000 7000 8000 9000 10000 1100C
Y

Fy — / AdA X S (N Tx(\) Toem (M)

Goal : Measure relatively F; of SNe spectra at
different redshift z

But:
- spectra extend on several filters

- FB for different redshift z is measured in different
bands

Reference star = calibrate the flux transmission for
each filter

= CALSPEC calibration
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O CALSPEC calibration

WD atmosphere model coupled with observations
with the Hubble Space Telescope

CALSPEC primary standard stars

(https://archive.stsci.edu/hlsps/reference-atlases/cdbs/current_calspec/)
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= ~0.5% uncertainties in the optical wavelengths
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O CALSPEC calibration

WD atmosphere model coupled with observations
with the Hubble Space Telescope

CALSPEC primary standard stars

(https://archive.stsci.edu/hlsps/reference-atlases/cdbs/current_calspec/)
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= ~0.5% uncertainties in the optical wavelengths

Sky map of the CALSPEC network
75°

% Primary standards

% Secondary standards

Y% Faint star extension
(Narayan et al. 2019)

= Network of calibrated sources covering
the full sky
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O Variations of CALSPEC model

e The white dwarf atmosphere model has evolved in the past 10 years
e Chromatic variations of ~2% between the first and last model

CALSPEC model variation of G191B2B

| —+— 2013 release
5 —}— 2024 release

~1.00 iR

|A¥FITP _....nu.“lx,lm M“.IL[‘ “1'
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Wavelength [nm] x10*




O Variations of CALSPEC model

e The white dwarf atmosphere model has evolved in the past 10 years
e Chromatic variations of ~2% between the first and last model

CALSPEC model variation of G191B2B

| —+— 2013 release
5 —}— 2024 release

il ‘,*....u‘.lvl.x_lm Lk 1l “l'

2 1.00 i W'” T ‘

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Wavelength [nm] x10*

Impact cosmological parameters inference? = Hubble diagram with simulated SNe |la
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O Variations of CALSPEC model

CALSPEC calibration differences simulated
(LEMAITRE joint analysis)

=

:% Simulation of 3 SNe la surveys:
205 e Low-z: ZTF DR2

L%O-O e High-z: Subaru

300 400 500 600 700 800 900 1000 1100
Wavelength [nm]

e Calibration of the bandpass
with each CALSPEC release
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O Variations of CALSPEC model

CALSPEC calibration differences simulated
(LEMAITRE joint analysis)

Simulation of 3 SNe la surveys:

g ztf
'z subaru
é snls
o)
300 400 500 600 700 800 900 1000 1100
Wavelength [nm]
20- —o— 7tf
Eﬁ —e— subaru
E 10+ snls
% N \ . ‘
\
g r i z y
Band

e |low-z:ZTF DR2

e High-z: Subaru

e Calibration of the bandpass
with each CALSPEC release

= up to 20 milli-mag difference
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O Variations of CALSPEC model

2197

23.01

Hubble diagram obtained with LEMAITRE simulations

“(2000) new SNe la
Expected: Aw <3%

0.02+

0.00+

Ap [mag]

—0.02

e Fittingdistance moduli y of
simulated SNe la

= Hubble diagram
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O Variations of CALSPEC model

Hubble diagram obtained with LEMAITRE simulations

27.51
A6 ~I e Fitting distance moduli p of
R PLag .
25.01 guv? - simulated SNe la
?022-5 = Hubble diagram
<
£200
3
17.5 X ) ) )
e Adding flux calibration bias
15.0 estimated with CALSPEC
©(2000) new SNe la
Expected: Aw <3% releases
. 0.02]
é" 000 =» focus on the residuals to the
O ACDM model
< _pi62
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J Variations of CALSPEC calibration

0.03

0.02+

-0.021
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Hubble diagram residuals
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o 3%deviation of w from ACDM

& ~0.005 mag deviation in p (0.01<z<1)
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O Variations of CALSPEC calibration

0.03

0.02+

-0.021

-0.03

Hubble diagram residuals

snls
ztf
subaru

103

o 3%deviation of w from ACDM

& ~0.005 mag deviation in p (0.01<z<1)

2% chromatic bias = Apy > 0.005 mag

=> deviation similar than Aw > 3%
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O Variations of CALSPEC calibration

0.03

0.02+
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-0.03

Hubble diagram residuals
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103

o 3%deviation of w from ACDM

& ~0.005 mag deviation in p (0.01<z<1)

2% chromatic bias = Apy > 0.005 mag

=> deviation similar than Aw > 3%

How much confident are we about WD
atmosphere models ?
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O Variations of CALSPEC calibration
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Hubble diagram residuals
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o 3%deviation of w from ACDM

& ~0.005 mag deviation in p (0.01<z<1)

2% chromatic bias = Apy > 0.005 mag

=> deviation similar than Aw > 3%

How much confident are we about WD
atmosphere models ?

= Better not rely on model-dependant
reference stars
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The StarDICE experiment
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Standard watt
(NIST)

POWR facility
Houston et al. 2006
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O Photometric calibration transfer

CALSPEC
standard stars
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O Photometric calibration transfer chain

ng
e o E

SNSRI DA, 15 S p P

S e

f StarDICE Artificial star
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%cullbruﬁon bench ndor camera (LEDs)
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>

o

\
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Standard watt
(POWR, NIST) Photodiode

iLn situ conditions; monochromatic; ~yearly calibration

Type la
standard stars Supernovae

StarDICE CALSPEC Telescope survey

telescope
— 00—

Colimated Beam
Projector(s)

Harvard
calibration bench Solar cell
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O StarDICE telescope

StarDICE telescope on its mount

Newton telescope:
e D=40cm
e f=1.6m
e 1.68" resolution
e 28.6'x28.6 field of view




O StarDICE telescope

StarDICE telescope on its mount

Newton telescope:
e D=40cm
e f=1.6m
e 1.68" resolution
e 28.6'x28.6 field of view

Filterwheel:
e ‘“ugrizy” photometric filters
e Diffraction grating




O StarDICE telescope

StarDICE telescope on its mount

Newton telescope:
e D=40cm
e f=1.6m
e 1.68" resolution
e 28.6'x28.6 field of view

Filterwheel:
e ‘“ugrizy” photometric filters
e Diffraction grating

Monitoring instruments:
Hygrometer
Thermometers
Barometer

Rain detector




O StarDICE telescope

StarDICE telescope on its mount

Newton telescope:
e D=40cm
e f=1.6m
e 1.68" resolution
e 28.6'x28.6 field of view

Filterwheel:
e ‘“ugrizy” photometric filters
e Diffraction grating

Monitoring instruments:
e Hygrometer
e Thermometers
e Barometer
e Raindetector

Fully robotic




O Artificial star

Helmet enclosing the artificial star

e 16 LEDs coveringvisible and near-IR range
e Fluxcalibrated inlaboratory
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Artificial stars LEDs off Artificial stars LEDs on
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O Photometric calibration transfer chain
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iLn situ conditions; monochromatic; ~yearly calibration
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Harvard
calibration bench Solar cell
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J WhatisaCBP?

CBP, for Collimated Beam Projector, is a calibration device emitting a
monochromatic light of known flux, in a parallel beam

= calibrate the response of a photometric instrument and its filters.

#photons
atA

CBP




J WhatisaCBP?

CBP, for Collimated Beam Projector, is a calibration device emitting a
monochromatic light of known flux, in a parallel beam

= calibrate the response of a photometric instrument and its filters.

#photons
atA

CBP

Two purposes:
e Calibrate the StarDICE telescope response
e Proof of concept for the CBP at Rubin Observatory for the LSST
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J Howtousea CBP?

Ingredients:
e Atunablelaser
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J Howtousea CBP?

Ingredients:
e Atunablelaser
e A mounted-backward telescope to recreate a parallel beam from a point source
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J Howtousea CBP?

Ingredients:
e Atunablelaser
e A mounted-backward telescope to recreate a parallel beam from a point source
e A PhD student locked in the basement to make it work
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J Howtousea CBP?

Ingredients:
e Atunablelaser
e A mounted-backward telescope to recreate a parallel beam from a point source
e A PhD student locked in the basement to make it work

Recipe:

(1) Shoot light inside a calibrated sensor to measure CBP optics throughput R ep

# charges

#photons
atA

Solar cell

—

CBP




J Howtousea CBP?

Ingredients:
e Atunablelaser
e A mounted-backward telescope to recreate a parallel beam from a point source
e A PhD student locked in the basement to make it work

Recipe:

(1) Shoot light inside a calibrated sensor to measure CBP optics throughputR _;,

(2) Shoot light inside the instrument to calibrate, using R gp

#ADU

1)\

#photons
atA
CBP

Telescope

82




O Setup device

Integrating sphere w/ Solar cell

monitoring instruments

CBP optics Tunable laser

(1) CBPresponse measurement

StarDICE Telescope CBPoptics |

(2) StarDICE response measurement
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O Integrating sphere

Photodiode

Integrating
sphere

CBP telescope

Laser injection

Two instruments in the integrating sphere, to
monitor the input light:

a.

b.

a spectrograph to monitor the laser
wavelength
a photodiode to monitor the flux quantity
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J How do we measure our responses ?

(1) CBPresponseR_;,[y.C]

Q solar

RCBP = e Q. :solarcellcharges|[C]
Qphot X €golar X € ° Qphot: photodiode charges [C]
e Q_,: stardicecharges[ADU]
(2) StarDICE response R [ADU.y™"] ° (solar:.SOIarce_Ilquantum
efficiency [y™]
—_ -19
Qcc d o e=16x10"[C]

Rtel —

Qphot X RcBP
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O StarDICE filters transmission

C2ccd

Rtel —
Qphot X RcBp

e ~0.5% per nm uncertainty over
[400 - 1000] nm range for every
filter

e Wavelength resolution high
enough to see the slopes of the
filter edges

StarDICE telescope and filter
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J Filter leakages
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J Filter leakages

Example of i and z filters:

Detection of out-of-band
leakages below 0.1% level

— crucial for accurate
photometric measurement

_.
<

1073

responses [ADU/y]

StarDICE telescope and filter
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600 700 800 900 1000 1100
Wavelength [nm]

__
<

10—3 J
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StarDICE telescope and filter

10—5 J

1100
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O Filter edges : blueshift Aff_AO\/l_ sinZ (6)
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O Filter edges : blueshift
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O Traveling-CBP with ZTF

Picture of the tCBP shooting in the
ZTF telescope

,_L_|:] White lamp

Monochromator Pinhole

. Telescope
Integrating

;

sphere

Optical fibers

- =~ Photodiode

Mount
Spectrograph

tCBP schematic
(Credit: E. Van Den Abeele)
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Photometric analysis

92




O Airmass

X = airmass =1
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J Atmospheric considerations

Airmass regression:

Take images of a reference star at different
airmass values X.

Compute zero point difference AZP. for each
image i
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J Atmospheric considerations

*; ** Airmass regression:
* e Takeimages of areference star at different
X = airmass = 1 airmass values X.
X=2 e Compute zero point difference AZP. for each
P image i

Atmosphere .
Final goal:

e Estimate the out-of-atmosphere zero point ZP
by extrapolating the value at X=0

e aioi 1
I I
_______ -, e - - - e e, e - - - -
I I
I 1 »
0 1 2 X
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e 1
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I I
1 1
0 1 2

J Atmospheric considerations

Airmass regression:
e Takeimages of areference star at different
airmass values X.
e Compute zero point difference AZP. for each
image i

Final goal:
e Estimate the out-of-atmosphere zero point ZP
by extrapolating the value at X=0

This analysis:
e Estimate the StarDICE performance of refining
the ZP, with a 2-year survey
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O Examples of image

r filter u filter
1000

200 400 600 800 200 600 800 1000

Pre-survey: 23 observation nights of the CALSPEC primary standard G191B2B |
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J AZPivs airmass
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O Results
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O StarDICE performances projection

O Nnights =1 O Nnights =9 A Nnights =84

0.06 g e 9 photometric nights
0.05 e StarDICE 2-year survey
“ estimation = 84 nights
004 e ~0.2t00.4% uncertainty
S|l 2 -
§ gom
Z O
0.02+—e = =
@
0.0 e
1 . = . _ -
0.00 ° 2 = =
u g r 1 z y

100




O StarDICE performances projection

RMS(ZP, )

=

VN ghts
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0.00

O

Nnights =1

o

Nnights =9

A

Nnigh[s =84

e 9 photometric nights

e StarDICE 2-year survey
estimation = 84 nights

o ~0.2t00.4% uncertainty

=> 2 to 4 times the suitable value to

fully exploit the future LSST SNe la
dataset
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O StarDICE performances projection

V nghts

RMS(ZP, )

0.06

0.05

B

0.03

0.02 1

0.01

0.00

O

Nnights =1

o

Nnights =9

A

Nnights =84

e 9 photometric nights

e StarDICE 2-year survey
estimation = 84 nights

o ~0.2t00.4% uncertainty

=> 2 to 4 times the suitable value to
fully exploit the future LSST SNe la
dataset

= Improve the atmosphere
transmission prior by fitting live
parameters
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O Grating images

Grating Grating

1000 1000

800 800
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400

200 200

800
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CMB polarization &
the POLOCALC experiment




O PO LOCALC prOJeCt (slides from A. Novelli, Moriond 2026)

e An ERC-funded project to build a drone-based calibration source for CMB telescopes
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O PO LOCALC prOJeCt (slides from A. Novelli, Moriond 2026)

e An ERC-funded project to build a drone-based calibration source for CMB telescopes

e A coreteam of 10 people + collaboration with several other groups
o Univ. Bicocca + PUC/Hovercal - Simons Observatory - CLASS - APC
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O PO LOCALC prOJeCt (slides from A. Novelli, Moriond 2026)

/G

An ERC-funded project to build a drone-based calibration source for CMB telescopes
A core team of 10 people + collaboration with several other groups

o Univ. Bicocca + PUC/Hovercal - Simons Observatory - CLASS - APC
Main goal: absolute polarisation angle calibration in the range 0.1° and 0.01°

o Necessary to disentangle E-modes and B-modes

a — rotationin =ra e
) the line of ishgt N\ | / -\ |
1 = CrT / W /| <
Clhp = Cpp cos?(2a) + Cgpsin?(2a) | N
BB BB EFE
\C],EE — (Cpgpg Sin2(2a)—|-CEECOS2(2a) Z X | /
| 5 AN
N/ |
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O PO LOCALC prOJeCt (slides from A. Novelli, Moriond 2026)

e An ERC-funded project to build a drone-based calibration source for CMB telescopes
e A coreteam of 10 people + collaboration with several other groups

o Univ. Bicocca + PUC/Hovercal - Simons Observatory - CLASS - APC
e Main goal: absolute polarisation angle calibration in the range 0.1° and 0.01°

o Necessary to disentangle E-modes and B-modes
m Allows to constrain r<0.01 = inflation confirmation

1.0 —— Reionization bump

—— Recombination bump
—— Planck BB
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P/Pmax

0.4

0.2

0.0
-0.2 =01 0.0 0.1 0.2 0.3 0.4 0.5

ArXiv:2010.01139 108




O POLOCALC project

(slides from A. Novelli, Moriond 2026)

e An ERC-funded project to build a drone-based calibration source for CMB telescopes

e A coreteam of 10 people + collaboration with several other groups
o Univ. Bicocca + PUC/Hovercal - Simons Observatory - CLASS - APC

e Main goal: absolute polarisation angle calibration in the range 0.1° and 0.01°

o Necessary to disentangle E-modes and B-modes
Allows to constrain r<0.01 = inflation confirmation
Test cosmic birefringence theories
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ArXiv:2010.01139
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O POLOCALC project

e An ERC-funded project to build a drone-based calibration source for CMB telescopes
e A coreteam of 10 people + collaboration with several other groups

o Univ. Bicocca + PUC/Hovercal - Simons Observatory - CLASS - APC
e Main goal: absolute polarisation angle calibration in the range 0.1° and 0.01°

o Necessary to disentangle E-modes and B-modes

(slides from A. Novelli, Moriond 2026)

Allows to constrain r<0.01 = inflation confirmation

Test cosmic birefringence theories
Detect the presence of primordial magnetic fields
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O PO LOCALC prOJeCt (slides from A. Novelli, Moriond 2026)

Frequency multiplier
Valon w/adjustable attenuator

Directional ’—
Synthesizer

coupler Attenuator

Antenna

i g
|

Diode Polar
Detector olarizer

e |
—

e Polarizer orientation calibrated in laboratory
e Attitude reconstruction of the drone (GPS +
photogrammetry)
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O POLOCALC project

Drone trajectory on the focal plane

---- drone trajectory

® detectors
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O PO LO CA LC p rOJ eCt (slides from A. Novelli, Moriond 2026)

Simulated Drone Crossing
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O POLOCALC project

Our data model for each crossing is composed of:

e dronethermal emission
e source’s chopped polarised emission
® noise

= Through double demodulation from each crossing
we can extract the @, of the source as seen by the
detectors

0.30 -

0.25

0.20

0.15

Signal [pw]

0.10

0.05

0.00
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J Conclusion
Since ~20 years, cosmology has entered a high-precision era where datasets keep getting bigger,
and instruments keep getting more sensitive

With statistical uncertainties diminishing, and S/N ratio increasing, systematics uncertainties
arise to become new dominants noise source

= There is a crucial need to estimate them, and provide absolute calibration
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O Conclusion

Since ~20 years, cosmology has entered a high-precision era where datasets keep getting bigger,
and instruments keep getting more sensitive

With statistical uncertainties diminishing, and S/N ratio increasing, systematics uncertainties
arise to become new dominants noise source

= There is a crucial need to estimate them, and provide absolute calibration

But most important...
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Thank you for your attention



http://www.youtube.com/watch?v=YoRmby43ijA

