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Astroparticles to cosmology

2

From most energetic astrophysical phenomena 
(from galactic sources to extragalactic ones)

To Large Scale Structures and first instants of the Universe

Population studies, particles propagation



List of experiments/activities and laboratories

Theory

Dark Matter

Nuclearastrophysics
Detector R&D

Solid state physics

Neutrinos and 
Particles Physics
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Human resources
• permanent positions: 2/3 CNRS – 1/3 University 
• ~37 members: 2/3 permanents for 1/3 PhD + postdocs
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• Large diversity of supports: IN2P3, CNRS-TGIR, ANRs, Labex P2IO, Idex
Paris-Saclay, Ile-De-France with DIM-ACAV+, EGO, LAL, CNES, ESA, etc
• R&D, construction, missions
• ANR and Prix de l’académie des sciences received between 2015 and 2016

Financial support
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• Publications are strongly coupled to data release or extraordinary 
events

Publications
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• Prix de la Fondation Del Ducca – Académie des sciences 2015, P. Hello
• Breakthrough prize in Physics 2016 to LIGO-Virgo collaborations
• Springer Thesis Prize 2017, J. Casanueva
• Gruber Prize in Cosmology 2018 to Planck consortium
• UK Royal society Group Award 2018 to Planck consortium
• Prix Fondation L’Oréal- UNESCO « Pour les femmes et la science » 

2018, S. Antier

Prizes
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Involvement in committees (in the last 5 years)

• Members of (at least) one of the 5 laboratories councils
• Members of (at least) one of the 5 laboratories scientific councils
• LAL deputy director and then director
• Directors of the Physics of the 2 Infinites Research Department, Paris-Saclay 

University
• University Paris-Sud Physics department Vice President
• Members of selection committee in DIM-ACAV+ (Ile de France)
• Members of selection committee for University positions (Paris-Sud, Grenoble, 

Marseille, Paris Denis-Diderot, Paris-Sorbonne, etc)
• Members of external scientific councils: Observatoire de Paris, LPSC
• Members of Conseil National des Universités commission 29
• Members of CNRS National commission 01
• Members of the boards of the PNCG or GDR OG
• Member of editorial board : classical and quantum gravity
• Member of ESO evaluation and time allocation committees
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• 7 professors or assistant professors
• Lectures in Licence, Master and Engineering School 
• Responsibilities Bachelor, 1st year Master level of General Physics and 

NPAC Master (2nd year)
• Co-chair and chair of the Doctoral School « PHENIICS » 
• Lectures in International schools
• Supervisions of internships (bachelor and master) and PhD students
• Main organizer of French or international schools
• Many more pedagogical responsibilities not reported here

Teaching activities

9



• Large contributions with the main results published in the last years: Planck 
results and gravitational wave detections. 
• Presentations to students, public, media, participation to MOOCs , etc
• Outreach coordinator in Virgo 
• Coordination of IN2P3 outreach and educational activities
• Nuits des Ondes gravitationnelles: event with 2000 persons in Paris and satellites 

meetings in several places in France
• Fête de la Science (exposition LSST, etc)

Outreach/Valorisation

• Scientific animation:
• Transient Sky 2020, Orsay, mai 2017
• Auger Collaboration meeting , Paris, June 2017 
• CTA collaboration meeting, Orsay mai 2018
• UHECR 2018 , Paris , October 2018
• Permanent member of the Scientific Advisory

Committee of the European ISAPP Summer
School

• IPA conference, one in Orsay in 2017 
• Autumn lecture on CMB in LAL 2018
• Dark Energy 2017 in LAL
• QUBIC collaboration meeting in 2016
• Paris 21cm intensity mapping workshop in 

2014
• Members of Moriond and Vietnam conference 

series organizing committee
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Scientific achievements
(2013 - 2018)
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Multimessenger astronomy (@IPNO, LAL, CSNSM)
• Combining efforts is rewarding, as for GW170817 !
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Detections/constraints from
keV, MeV, UHE neutrinos or CR, visible, … + GW – all available here !

Can also be used to constrain cosmology

GW: 

spacetime disturbance

mass acceleration

Probe densest parts

HE photons kev->TeV: 

acceleration mechanisms

Nuclear reactions

Probes few Gpc distance

UHECR 1018 to 1021 ev : 

acceleration mechanisms

Max distance ~ Gpc

neutrinos: 

acceleration mechanisms (Tev)

Nuclear reactions,  (MeV)

Probe densest parts
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• 10 Binary Black holes and 1 binary neutron star (with electromagnetic 
counterpart!)

First direct detection of gravitational wave events (@LAL)

• Main result in physics/astrophysics of the last 
years, large recognition (Nobel prize, etc)

• Implication in different fields : tests of General 
Relativity, constraints on speed of gravitation, 
astrophysical impact, etc

• Importance of a 3 detectors network
• Large involvement of the Virgo group in different 

steps:
• Commissioning of the Virgo detector
• Analysis for the post merger signal of the BNS
• Characterization and validation of the events for 

Virgo – rapid response team
• Publications and internal validations

LIGO-Virgo Burst and Data Analysis  co chair
Virgo detector characterization co-chairs
Virgo run coordination

13



• Different analyses done in the group (with development 
of associated pipelines):
• Searching for transients with duration ~100s – 2 thesis 

defended
• Search for cosmic string signals – 1 thesis on going
• Search for signals associated to gamma-ray bursts – 1 thesis on 

going
• Close links with detector characterization
• Electromagnetic follow-up of GW alerts

• Program on commissioning and R&D for detector
• Thermally deformable mirrors to reduce thermal optical defects 

– 1 thesis defended + 1 on-going
• Frequency dependent squeezing – using CALVA facility – 1 

thesis on-going
• Parametric instabilities – 1 thesis on-going
• Commissioning of the Virgo interferometer – 1 thesis defended 

+ 1 on-going
• Vacuum control command for the interferometer

Gravitational waves – other activities (@LAL)
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Photons kev to MeV: space missions (@CSNSM, LAL)

• Implication in different aspects on the SVOM Sino-French
mission to be launched in 2021 – instruments in IR, visible, 
kev to MeV
• Scientific on board software for the X-ray telescope (MXT) and 

associated ground segment
• Automatic follow-up scenario of Multi-messenger alerts with all 

instruments available in the consortium
• Link with LSST

• eASTROGAM covers the MeV range, currently least (under!) 
explored electromagnetic band – to be proposed in 2019 for 
launch in 2028
• Development of the concept since several years
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Photons TeV: Cerenkov Telescope Array (@IPNO)

• Observation from 30 GeV to 300 TeV
• Start first installation in 2019-2021 before full 

production
• Preparation of first CTA observations:
• Extragalactic science, including gamma-ray propagation on 

cosmic scales – responsible of the extragalactic science 
working group
• Modelisation of spectral emission of galactic CR source, 

search for PeVatrons (ongoing thesis)
• Implication in French project of camera for middle size 

telescope
• Responsible for calibration devices
• Realization of a movable flashing screen

16



UHECR: Major results from Auger Observatory (@IPNO)
• Anisotropy studies (mostly leaded by IPNO group members): one step 

forward the origin of the Ultra energy cosmic rays ! 
Discovery of an anisotropy ( 5.4 σ ) in the 
arrival directions of UHECR  supporting an 
extragalactic origin. 

An Indication of Anisotropy in Arrival Directions of 
UHECR through Comparison to the Flux Pattern
of Extragalactic Gamma-Ray Sources

Model based on SBGs in 
better agreement with data 
than isotropy hypothesis 
(4σ).
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UHECR: other studies (@IPNO, LAL)
• Auger produces a spectrum with unsurpassed statistics thanks to its huge 

surface and 14 years of stat. 
• -> 2 majors papers providing detailed methods & phase-I legacy results:

• Surface Detector  Reconstruction     
• Energy Spectrum

• Common work with Telescope Array  within working  groups ( spectrum and 
anisotropies) – common publication and presentations

• Interpretation of spectrum/composition : Combined fit Spectrum  (1 thesis)
• Radio studies : estimation and limits on the MBR  within ANR GIGAS

à Expected early2019   

• Participation in EUSO-ballon (LAL) – pathfinder to observe UHECR 
from above atmosphere
• Group involved in the UV camera (in particular electronics 

with an ASIC developed)
• 2 balloon flights in 2014 and 2017 : conception, realization, 

integration and data analysis
18



Cosmic Microwave Background (@LAL)
Assessment of the !CDM cosmological model

data releases in 2013, 
2015 and 2018Planck

• Confirm the standard cosmological model
(flat, adiabatic with dark energy component)

• Measure the cosmological parameters at the % level or better
• No need for extension to the model
• connection to lower-redshift probes of structure formation
• stringent constraints on our models of the early Universe
(hints for the inflation, initial perturbations)

19



• The LAL group has been / is involved in CMB 
experiment collaborations

• Planck
• QUBIC
• LiteBIRD
• ACTpol / Simons Observatory

Cosmic Microwave Background (@LAL, CSNSM)

• Responsibilities (@ LAL)
• Planck: responsible for map production
• QUBIC: project direction for the TD, member of the 

Collaboration Board, member of the Editorial Board, 
responsible of the calibration WP for the TD

• LiteBIRD: member of the collaboration board of LiteBIRD-
France, responsible for the French data analysis, co-convener of 
the ground calibration working group

• Simons Observatory: responsible for spectra analysis
• CMB roadmap: member of the board

• Hardware involvement
• QUBIC: responsible for the Technological Demonstrator 

integration (LAL), development and construction of the TES 
detectors (CSNSM), build the calibration mount (LAL including 
control-command), build internal calibration sources (LAL), 
participation to the mechanics (LAL)

• LiteBIRD: participation to the mechanical design and thermal 
modeling

Constraints on the cosmological models using the measurement of the CMB

Planck QUBIC LiteBIRD
Simons

Observatory
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Cosmic Microwave Background (@LAL)
From low-level data analysis to theoretical constraints

• Study of CMB detector response
• impact of cosmic rays

• Measure of non-linearity response (ADC correction for Planck)

• Measure of time response

• Map-making & photometric calibration
• Code development

• Responsible for Planck-HFI map production

• Study of impact of systematics in map-making

• Polarization systematics and leakages

• Power spectrum estimators
• statistics on low-multipole spectra

• development of codes for estimating sky power spectra (Xpol, Xpure, xQML)

• Likelihood for cosmological constraints
• development of Planck likelihoods at high- and low-multipoles

• CMB lensing
• development of CMB lensing spectrum reconstruction code on sky patches

• Cosmology
• development of a toolbox including frequentist and bayesian statistics (CAMEL)

• study of internal consistency of Planck likelihoods (through AL measurement)

• constraints on reionization history

• constraints on inflation (through ns, r)

• cosmological constraints on the neutrino sector (Mnu, Neff)

• external constraints on SUSY models and on the gravitational stochastic background density 

(in collaboration with Atlas and Virgo groups)

[Planck intermediate results. XVI. (2014) A&A 566 A54]
[Mangilli et al. (2015) MNRAS, 453, 3, 3174]

[Couchot at al. (2017) A&A 602 A41]

[Planck 2013 results]
[Planck 2015 results]
[Planck 2018 results]

[Couchot at al. (2017) A&A 597 A126]
[Couchot et al. (2017) A&A 606 A104]21

A&A 566, A54 (2014)
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Fig. 2. Profile likelihoods (��2) reconstructed for each⇤CDM cosmological parameter, from the CMB (blue) and CMB+BAO (red) data sets. Each
point is the result of a 36-parameter minimization. We reject the points that are outliers of the expected distance to minimum (EDM, Sect. 2.2)
distribution. Curves are fits to a third-order polynomial. 68% confidence intervals are obtained by thresholding these curves at unity, and their
projections onto the parameter axis are shown.

Table 4. Results of the profile-likelihood analysis (i.e., this work) for the cosmological parameters, using the CMB and CMB+BAO data sets.

CMB CMB+BAO

Parameter MCMC Profile-likelihood MCMC Profile-likelihood
H0 67.3 ± 1.2 67.2 ± 1.2 67.8 ± 0.8 67.7 ± 0.8
100!b 2.207 ± 0.027 2.208 ± 0.027 2.214 ± 0.024 2.215 ± 0.024
!c 0.1198 ± 0.0026 0.1201 ± 0.0026 0.1187 ± 0.0017 0.1190 ± 0.0017
ns 0.9585 ± 0.0070 0.9575 ± 0.0071 0.9608 ± 0.0054 0.9598 ± 0.0055
ln(1010

As) 3.090 ± 0.025 3.087 ± 0.025 3.091 ± 0.025 3.088 ± 0.025
zre 11.2 ± 1.1 11.0 ± 1.1 11.2 ± 1.1 11.2 ± 1.1

Notes. They are compared to the Planck MCMC posterior results taken from Table 5 of Planck Collaboration XVI (2014).
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Planck Collaboration: Cosmological parameters

0

1000

2000

3000

4000

5000

6000

DT
T

�
[µ

K
2 ]

30 500 1000 1500 2000 2500
�

-60
-30
0
30
60

�
DT

T
�

2 10
-600

-300

0

300

600

Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck

TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, c

EE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
c

EE

100

⌘
EE fit

= 1.021;
⇣
c

EE

143

⌘
EE fit

=

0.966; and
⇣
c

EE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E

spectra,
⇣
c

EE

100

⌘
TE fit

= 1.04,
⇣
c

EE

143

⌘
TE fit

= 1.0, and
⇣
c

EE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-
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21 cm / BAORadio (@LAL)
• Mapping cosmic matter distribution using HI emission@21 cm

• HICluster: Observation on NRT Nançay using BAO-radio 

electronic chain – search for 21cm in nearby galaxy 

clusters (Exp. Ast. 2015)

• PAON4: Construction and operation of 4-dish prototype 

radio interferometer in Nançay

• NEBuLA/IDROGEN: Development of a new generation 

digitizer/signal processing board, with Paris Observatory –

white rabbit technology

• Tianlai: Collaboration (China and USA) on a Chinese 

interferometer for intensity mapping

• Map making: m-mode sky reconstruction for transient 

interferometer – 2 PhDs with NAOC (China) (MNRAS 2016)

22

PAON4 Observation of CasA
Comparison observation/expectation

Polar cap m-mode 
reconstructed maps 
for Tianlai 



Large Synoptic Survey Telescope, LSST (@LAL)
• Deep 6 band photometric survey with large 

field-of-view (3.5⚬) 8.4m telescope
• LAL is one of the 3 founding labs of the french 

LSST consortium (since 2007)

• Electronics/ASPIC : analog amplifier for the camera 
readout system – 1500 chips delivered

• Calibration/Atmosphere : transmission models & 
measurement - impact on photo-Z

• Calibration/HOLOSpec : Development of hologram as 
disperser for the LSST auxiliary telescope

• Calibration/Spectractor : Pipeline to perform spectral 
analysis with the auxiliary telescope

• LSST-Computing : Contribution to the implementation of 
SRDP (1/2 of catalog production at CC-IN2P3)

• Computing R&D : Spark (distributed computing), 
visualisation, contribution to PetaSky (CNRS 
MASTODONS)(AstroLab, ArXiV:1804.07501)
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Science with LSST data (@LAL)

24

Expected #  of 
microlensing events 
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C�(z1,z2) (Angpow/CLASSgal): Gaussian selection 
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Fig. 3. Comparison between Angpow (red/orange points) and CLASSgal
(black points) for several cross-correlation spectra with Gaussian (� =
0.01) selection and kmax = 1 Mpc�1. The orange points are used to em-
phasize negative C`.

let, and red curves are produced by Angpow using Dirac selection
function in the range ±5� around the mean redshift z = 1, while
the green, forest green, purple, and blue curves are results of the
above mentioned Gaussian selection function but sampled using
di↵erent grid sizes: 9⇥9, 19⇥19, 39⇥39 and 159⇥159 Clenshaw-
Curtis sample points. As the number of points, or equivalently
the quadrature order, increases, the Cthick

` (z) computation con-
verges towards the CLASSgal result (cyan points). We also ad-
dress the cross-correlation computations performed by Angpow
and CLASSgal (Cthick

` (z1, z2)) using Gaussian selection functions
(� = 0.01 and a ±5� cut). The results are shown in Figure 3. One
should not be surprised by negative values since we are cross-
correlating two di↵erent quantities. In both tests we have used
the power spectrum computed at z = 0 by CLASSgal as input to
Angpow. The agreement between the two software codes is very
good, keeping the relative residuals at values less than 0.02%.

4.2. Note on Limber’s approximation

The Angpow library can also be used to compute, if desired, the
first order Limber’s approximation (Loverde & Afshordi 2008).
In such an approximation, the spherical Bessel function is for-
mally reduced to

j`(x) ⇡
r

⇡

2` + 1
�D

 
x �

 
` +

1
2

!!
. (14)

In such conditions, the product kr(z) is constrained, and if
one uses the following notation for the comoving distance
computation with dH = c/H0 , the Hubble distance (H0 =
100h km.s�1Mpc�1 and c the speed of light) and E(z), the di-
mensionless Hubble parameter,

r(z`(k)) =
l + 1/2

k
= dH

Z z`(k)

0

dz
E(z)
. (15)

Then, Eq. 5 is transformed to the following expression

Cthick
` (z1, z2;�1,�2) ⇡

2
d2

H(2` + 1)

Z
1

0
dk W1(z`(k); z1,�1)

⇥W2(z`(k); z2,�2)E2(z`(k))P(k, z`(k)).

C�(z) (Angpow/CLASSgal): Limber vs exact 
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Fig. 4. Comparison of the computations of the Cthick
` (z) given by Angpow

and CLASSgal either with the Limber’s approximation or the exact
computation.

(16)

This integral can be computed using a divide-and-conquer recur-
sive method with the Gauss-Kronrod quadrature (Laurie 1997).
The Gauss sample points are a subset of the Gauss-Kronrod sam-
ple points and can easily be used to set up an error estimate to
drive the recursive algorithm.

Looking at Eq. 16 one realizes that all the terms are posi-
tive, indicating that such approximation is not suitable for cross-
correlation where C`(z1, z2) is not guaranteed to be positive as
can be explicitly seen in Figure 3. We have proceeded to the
computation of C`(z) in the case of a Gaussian selection func-
tion of mean z = 1 and � = 0.03 for both Angpow and
CLASSgal, with/without the Limber’s approximation. The re-
sults are shown in Figure 4. The two software codes agree very
well and show that the Limber’s approximation can give sizeable
errors compared to the exact computation; of the order of the
cosmic variance in the given example. So, this Limber’s approx-
imation, even if it runs 100 times faster than the exact computa-
tion, should then be used with extreme care not only for cross-
correlation but also for auto-correlation.

4.3. Correlations in real space

Angpow can also quickly compute the correlation function in real
space from the power spectrum

C(✓; z1, z2) =
1

4⇡

`maxX

`=0

(2` + 1)C̃`(z1, z2)P`(cos ✓), (17)

where P` denotes the `� th order Legendre polynomial. Because
the C`(z1, z2) values are generally cut at a given `max, one needs
to introduce an apodization to avoid ringing due to a sharp cut-
o↵. We introduce a Gaussian one (which is the smoothest in both
real and harmonic spaces) as in (Di Dio et al. 2013) so that the
C̃`(z1, z2) term in Eq. 17 is

C̃`(z1, z2) = C`(z1, z2)e�`(`+1)/`2a . (18)

The apodization length `a may depend on the signal but for the
standard cosmology shown here (around z = 1) we noticed that
using la ' 0.4`max gives good results. Correlations in real space
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Dark Energy Science collaboration (DESC)
• DESC/PhotoZ : Photometric redshift studies : 

reconstruction, systematics, classifications (A&A 2014)

• LSS/PhotoZ : Impact of photo-z on Large scale 
structures and BAO scale reconstruction (A&A 2019)

• DESC/LSS : Angpow software for efficient computation 
of LSS power spectrum in spherical geometry Cl(z1,z2) 
and angular correlation function (A&A 2017, ApJ 2017)

• DESC/TJP : Angpow software interfaced with CLASS and 
DESC CCL (Core Cosmology Library) (ApJS 2018)

Dark Matter / microlensing / transient sky
• DM/Scintillation : Search for cold molecular clouds as 

dark baryon using scintillation (A&A 2013)

• DM/Black holes : Search for massive black holes 
(> 10.M☉) through microlensing – on-going PhD with 
current available data sets (A&A 2018)

Impact of photo-Z 
on LSS P(k) 

fractionnal error (%)

Cl(z) (Angpow/CLASSgal): 
Limber vs exact

Reza Ansari et al.: Impact of photometric redshifts on the galaxy power spectrum and BAO scale in the LSST survey

Fig. 9. Recovered power spectra PD(k) computed from the
5 grids centred at each redshift bin, after subtraction of the shot-
noise contribution. Black lines correspond to the theoretical (in-
put) power spectra while other colours refer to the five redshift
error models. The line thickness identifies the grids central red-
shift, with the thickness increasing with the redshift.

Fig. 10. Fractional statistical error �P/P(k) of the recovered
power spectra PD in percent. Colors identify the di↵erent red-
shift error models, while the grid redshifts are distinguished by
di↵erent line thicknesses. The light gray area shows the wave
number corresponding to the BAO scale.

the wavenumber k, but also on the redshift interval and on the
redshift error model. One can distinguish two regimes on these
curves:

– The fractional power spectrum error �P/P(k) is dominated
by the cosmic variance at low wavenumber (k < 0.015),
for all of the five error models and all redshift intervals.
It remains true with spectroscopic redshifts up to, at least,
k ⇡ 0.15. The cosmic variance contribution is larger for low
redshift as the grids are smaller and it evolves as 1/k.

– At medium or high wave-numbers, the fractional statistical
error �P/P(k) is dominated by the shot-noise contribution.
The lower limit in wave number for this regime depends on
the redshift range.
The shot-noise contribution is significantly lower when
spectro-z are used. Indeed the shot-noise levels, which de-
pend on the mean galaxy density, are very similar for the

spectroscopic, Gaussian and photometric cases. However,
their relative value with respect to the power spectrum PD(k)
increase significantly as PD(k) are damped due to radial
smearing (Gaussian or photo-z error models).
Note that even with spectro-z, for the 3D-grids centred at
z = 1.3, the relative error contribution flattens at k ⇡ 0.2, as
the shot-noise starts to overwhelm the LSS power spectrum.

In summary, we can expect a more accurate BAO scale de-
termination from the grids centred at z = 0.9, compared to the
grids centred at z = 0.5 and z = 1.3. The precision on the re-
covered power spectrum is limited by the cosmic variance at
low redshift (z = 0.5) and by the shot-noise at high redshift
(z = 1.3). Note that non-linearities will also soften the os-
cillations above k ⇡ 0.1 Mpc�1.

4.3. Extraction of the BAO scale

The baryon acoustic oscillations are subdominant with respect
to the global matter power spectrum shape, as they are hard to
see even on theoretical curves (black lines on Fig. 9). Thereby,
the power spectrum, damped by any feature a↵ecting the data or
the computation method, follows a global shape with the small
superimposed oscillations.

We do not want to assume any shape of the damping in-
duced by the smearing produced by photo-z errors. So we cannot
use an analytical model as it is done for Gaussian error model
(Glazebrook & Blake, 2005). The appendix contains the de-
scription of the procedure that we have developed to esti-
mate the smooth, wiggle-less, power spectrum from the ob-
served one. The oscillating component in the spectrum is ex-
tracted, through the fitting of a damped sinusoid, similar to
the Wiggle only method (Glazebrook & Blake, 2005) where
the amplitude, the damping scale and the oscillation scale are
left as free parameters.

As mentioned in Sect. 2, we have used a simple model
in this simulation, ignoring non-linear e↵ects or bias on the
LSS power spectrum and mock galaxy catalog generation.
Indeed, non-linear clustering a↵ects the power spectrum,
leading in particular to a damping of the BAOs features at
small scales (Crocce et al., 2007), (Rasera et al., 2014),
(Obuljen et al., 2017) or (Seo & Eisenstein, 2007). In order
to limit over-estimating LSST capability to recover the BAO
scale, we have restricted the k-range used to extract the os-
cillating component in the power spectrum and to determine
the BAO scale sa . We have used two k-ranges, a very conser-
vative one where only k  0.1 h/Mpc�1 (i.e. k  0.07 Mpc�1)
have been kept, and a second one, using wave modes up to
k  0.15 h/Mpc�1 (i.e. k  0.1/Mpc�1). Indeed the impact
of non linear clustering for low k-modes (k  0.1 h/Mpc�1)
can be safely neglected. However, as one can see for instance
from (Rasera et al., 2014), the damping of the BAO features
due to non-linear clustering is limited up to 0.15 h/Mpc�1,
specially at higher redshifts (z � 1), which is more in fo-
cus in this work. The comparison of the reconstructed BAO
scale error from these two k-ranges gives an indication of the
amount of information in larger k-modes for di↵erent red-
shift bins.

For illustration purpose, we show the oscillating compo-
nent of the LSS power spectrum in the Fourier space, as well
as the fitted damped sinusoid, for the redshift z = 0.9 on
Fig. 11.

The estimated errors on sA are gathered in Fig. 12 for the
two tested k-ranges . In agreement with previous considera-
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Project
(2018 – 2023 and 

longer term future)
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Evolution in the next years
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• New observation run including LIGO and Virgo instruments will start in few 
months (run O3)
• Implication in several analyses (cosmic strings, GRB), in low latency event validation 

and in commissioning of the instrument
• Detector characterization will continue to be central
• Follow of the GW alerts with a network of optical telescopes and find the EM 

counterpart for such event
• Preparation of the next series of upgrades between O3 and O4 – 18 

months starting in March 2020
• We are currently leading the activity around the installation of the last suspended 

mirror in the interferometer, the Signal recycling mirror
• We are also part of R&D activity around frequency dependent squeezing and its 

installation on the Virgo interferometer
• Discussion on-going for participation in LISA (GW space detector) and/or 

Einstein Telescope (ground GW-3G detector) projects
• GW also require skill in optics and associated instrumentation - could be 

mutualize with other needs in the new laboratory

GW

27



• SVOM is currently under construction, current schedule is December 
2021 for launch
• Several months of commissioning before moving to science data taking
• Involvement in the Burst Advocate activities 
• Interest to look to event close to threshold, à la GRB170817A/GW170817

• eASTROGAM, selection to be done in the next months, see Nuclear 
astrophysics presentation for more details

HE Space projects

28



• Few milestones in the next years for the French camera project
• Critical design review including calibration system
• Production of 15 (more?) full calibration systems
• New technical involvement under discussion
• First data from Large Size Telescope soon available 

• Preparation of data taking will continue before transition to full 
exploitation of the network 
• Full-scale development of MWL MM synergies
• Expected early science with CTA in 2022

CTA

29LST1 in Canari Islands



Auger Prime: upgrade on Surface detector
Auger Prime : upgrade to get a composition-dependant observable event by event with the 
Surface Detector

Engineering Array was deployed
already in October 2016. 
Production and full deployment
2019-20
Data until 2025

Anisotropies and spectrum studies will be strongly enriched from composition
30



Simons Observatory

CMB: toward CMB B modes 

• Preparation of the data analysis for B-modes
• Continue to development software tools for B-modes analysis 

(Map-Making, Spectra, likelihoods)

HCERES evaluation – Astroparticules and Cosmology

2019 2020 2021 2022 2023 2024 2025 2026

LiteBIRD
• The down-selection of the mission by the JAXA will occur in March 2019
• CNES is considering taking the lead of one of the two instruments (the High Frequency Telescope)
• Our hardware involvement will depend on the decisions from the space agencies...

• The Technological demonstrator is currently under calibration at APC
• Data will be taken and analysed up to an IN2P3/INFN review before the summer 2019

• Responsibilities in the preparation to the data analysis
• First discussions within IN2P3 for an hardware contribution 

CMB-S4

• Cosmology constraints
• Papers in preparation with the last Planck data release
• Study of SUSY models of inflation

2027 2028

QUBIC

TECHNO

GROUND

SPACE



21 cm / BAORadio : perspectives

32

Tianlai (Cylinders + dishes), Xinjiang, Western China 

• PAON4 : Finalise PAON4 analysis and papers (-> 2021)

• IDROGEN : Deploy NEBuLA/IDROGEN on PAON4 and qualify the digitisation/signal processing board on sky 

• Tianlai : Continue the collaboration with NAOC & TAC (Tianlai Analysis Center , US) on data analysis (-> 2024)

• PolarCap survey with Tianlai + spectroscopic optical survey LAMOST

• 21cm Cosmology: explore SKA, large 2<z<7 intensity mapping surveys proposed for US decadal survey… (-> 2035)



LSST: commissioning and early science

AuxTel in 2019, ComCam in 2020 (9 CCDs),
Mini Surveys in 2021

• LSST Commissioning , specifically AuxTel, 
Spectractor and HOLOSpec

• Spark know-how for image/catalog production 
with LSST first light data & large data set analysis 

• DESC/Data Analysis : Correlation function and 
power spectra (3x2pts) analysis (LSS+WL) -
Cosmological parameters determination -
Angpow/CCL and CAMEL

• DESC/Data Analysis : Exploring modified gravity 
theory (MG) parameters space (know-how on 
galileon) 

• Transient sky science: microlensing ; synergy with 
local projects (VIRGO …)

LSST

Aux tel
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Link with local/national/international communities

• All our teams are integrated in international and large collaborations : 
Europe, North and South Americas, China, Japan, India, Australia, South 
Africa and Iran
• International laboratories : with USA (UMI-Berkley) and China
• Most of our projects are also coordinated on national level with 

IN2P3/CNRS and CNES and collaborations with several labs in France
• Local connections with IAS, CEA, APC and LPNHE

• Important involvement in space missions (Planck, LiteBIRD, SVOM, 
eASTROGAM) with relation with CNES and ESA
• Link with ESO for ground based telescopes
• Opportunity to develop a « space department » within the new laboratory 

and reinforce partnership  with CNES and ESA
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• We will remain involved in teaching at different levels
• Paris-Saclay may also be an opportunity to attract new high skills 

students
• Redefinition of Paris-Saclay program structure and contents 

(Bachelor+Master) in 2020
• Improve our visibility in the students cursus

• Need to be more attractive for PhD student: reinforce our visibility in 
cosmology and to offer a better alternative to Parisian labs 
(LPNHE+APC)

Perspectives on teaching/outreach/valorisation
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• All experiments will have data during the same period:
• CTA: only professors as permanent scientists, lack CNRS staff research member
• Dark energy lack of young permanent researcher
• To support leading role in LiteBIRD and SO will require a new position
• GW astronomy is rapidly growing

• A new CNRS position is currently open to stabilize the GW group (one 
person leaving in 2018)
• We need to keep technical skills in construction, not only R&D
• With the start of the science in almost all the instruments a support for 

post-docs and PhD will be important
• Some technical profiles are needed for future developments:

• Instrumentalist with skills in optics, control, mechanics, cryogenics, computing 
scientist, etc

• Organization in the future structure ?

RH evolution in the next five years
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• Onset of CTA and LSST and part of the Virgo upgrades are already 
been accepted and funded through TGIR CNRS 
• Space projects as eASTROGAM and LiteBIRD have not yet been 

accepted, decision to be taken in 2019
• CNES started Phase A for LiteBIRD and will fund it for 2 years

• Our needs for a potential hardware participation to Simons 
Observatory are under study

Expectation on financial support
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• Lack of exchange between the 
different teams

• Large number of funding agencies, 
time to write proposals

• Attractivity to PhD student not always 
optimal

SWOT analysis
• Participation in leading experiments in their fields
• Pioneer teams
• Recognized experts in our fields
• Large coverage in wavelength and messengers
• Implication on all the steps : from R&D to theoretical 

physics 
• Teams including researchers and engineering
• Links with theoretician and astrophysicist
• University formations in one of the top university on 

the subjects

• New projects approaching maturity

• Possibility to have important contributions in new 
projects

• Obtain new leading roles in the different fields

• Correlations between different probes or messengers
• Attractivity to young researchers

• Lost some technical skills 

• Quite complicate to protect large 
infrastructures

• one team lack younger permanent 
researcher
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Last 5 years were very dense as the next 5 years
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Backup
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Composition in 2018

• B. Biasuzzi
• J. Biteau
• O. Deligny
• P.-L. Ghia
• I. Lhenry Yvon
• Q. Luce
• Z. Ou
• T. Suomijarvi
• S. Antier
• N. Arnaud
• I. Belhacene
• M.A. Bizouard
• F. Cavalier

• D. Cohen
• D. Corre
• J.G. Ducoin
• P. Gruning
• P. Hello
• A. Lartaux
• N. Leroy
• F. Robinet
• F. Couchot
• X. Garrido
• S. Henrot-Versille
• H. Imada
• T. Louis

• M. Tristram
• S. Vanneste
• R. Ansari
• T. Blaineau
• G. Blanc
• J.E. Campagne
• S. Dagoret-Campagne
• M. Moniez
• J. Neveu
• O. Perdereau
• S. Plaszczynski
• N. Theodore
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Astroparticules FTE in 
2018/19

research time FTE Comment
CTA
Tiina Suomijarvi professor 0,5
Jonathan Biteau assistant prof. 0,4
Barbara Biasuzzi post-doc 1
Ziwei Ou PhD 1
Kevin Pressard engineer 0,85
Giulia Hull engineer 0,1
Julien Bettane engineer 0,1
Thi NGuyen Trung technician 0,2
Miktat Imre technician 0,2
Michael Josselin technician 0,35
Lucien Seminor technician 0,1

Auger
Tiina Suomijarvi professor 0,5
Jonathan Biteau assistant prof. 0,6
Quentin Luce PhD 0,7 defended in 2018
Olivier Deligny CNRS 0,8
Isabelle Lhenry-Yvon CNRS 1
Piera Ghia CNRS 1
Thi NGuyen Trung technician 0,05
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Virgo
Patrice Hello professor 1
Nicolas Arnaud CNRS 1
Amrie-Anne Bizouard CNRS 0,7 left in October 2018
Fabien Cavalier CNRS 0,1
Nicolas Leroy CNRS 0,6
Florent Robinet CNRS 0,6
Sarah Antier postdoc 0,5 left in December 2018

David Corre postdoc 0,5
arrived in December
2018

Pierre Gruning postdoc 1
Imene Belhacene PhD 1
David Cohen PhD 1
Jean-Grégoire Ducoin PhD 0,5 arrived in October 2018
Angélique Lartaux PhD 1
Valentin Frey PhD 0,7 defended in 2018
Michel Gaspard engineer 0,5
Patrick Cornebise technician 0,05
Eric Jules technician 0,1
Christopher Magueur technician 0,35
Rodolphe Marie technician 0,05

SVOM
Nicolas Leroy CNRS 0,4
Florent Robinet CNRS 0,4
Sarah Antier postdoc 0,5 left in December 2018

David Corre postdoc 0,5
arrived in December 
2018

Jean-Grégoire Ducoin PhD 0,5 arrived in October 2018
Serge Du engineer 0,5
Marc Nicolas engineer 0,8
Antoine Perus engineer 0,2



Cosmology FTE in 
2018/19

Dark energy
Réza Ansari professor 1
Guillaume Blanc assistant prof. 1
Jérémy Neveu assistant prof. 1
Jean-Eric Campagne CNRS 1
Sylvie Dagoret CNRS 1
Marc Moniez CNRS 1
Olivier Perdereau CNRS 1
Stéphane Plaszcynski CNRS 1
Tristan Blaineau PhD 1
Thédorore Nicolas PhD 0,5
Chrisitian Arnault engineer 0,75
Guy Barrand engineer 0,25
Thierry Caceres engineer 0,05
Daniel Charlet engineer 0,15
Julien Peloton engineer 0,75
Monique Taurigna engineer 0,2
Cheik-Ali Chafik technician 0,1

CMB
Planck
Xavier Garrido assistant prof. 0,2
Francois Couchot CNRS 0,2
Matthieu Tristram CNRS 0,2
Sylvain Vanneste PhD 0,2

QUBIC
Sophie Enrot-Versille CNRS 0,3
Thibault Louis CNRS 0,3
Julien Bonis engineer 0,1
François Wicek engineer 0,05
Didier Auguste technician 0,1
Michel Baltazar technician 0,1

LiteBIRD
Xavier Garrido assistant prof. 0,3
Sophie Enrot-Versille CNRS 0,6
Thibault Louis CNRS 0,3
Matthieu Tristram CNRS 0,7
Imada postdoc 1
Sylvain Vanneste PhD 0,8
Julien Bonis engineer 0,3
Didier Auguste technician 0,1
Eric Guerard technician 0,1

Simons Observatory
Xavier Garrido assistant prof. 0,3
Sophie Enrot-Versille CNRS 0,1
Thibault Louis CNRS 0,4
Matthieu Tristram CNRS 0,143



GW
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CALVA : CAvité pour le Lock de Virgo Avancé

• Having suspended optical cavity similar to the ones 
used in Gravitational Wave (GW) detectors to work on 
control strategy
• shorter distance : 50 m vs 3 km
• smaller mirrors
• similar dynamics for the mirrors
• similar radiation pressure effects

• Long suspended cavities are also used to perform 
frequency dependent squeezing – reduce quantum 
noise in GW detectors

• 2 ANRs on-going on the latter subject with LKB, LMA 
and LAPP

• Also work on Thermally Deformable Mirror system :
• Reducing losses 
• Low noise actuators

• Perfect tools for training – more than 10 internships in 
the last 8 years



GW vs artefacts

• Different types of pipelines depending on nature of the signals searched 
for
• Not always easy to distinguish between artefacts and real signals
• Artefacts can also pollute detection 

47



GW vs artefacts

• Lot of non stationarities in the pipelines output – highly non gaussian
• Non possible to model all the noises
• Reducing the tails with:

• Network analysis
• Understanding of limiting noises, 

remove them when possible

• Need to have accurate and rapid follow-up of 
transient noises during data taking
• Need also to validate or exclude a GW

candidate 

Gaussian
noise

Double coincidence triggers, including Virgo
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Observation Run 3 (O3)

• Suspension wires on Virgo is now in silicate (lower thermal noise)
• Work is on-going to reduce the different noise and achieve at least 60 

Mpc on BNS range in Virgo
• Plan to run for one calendar year with LIGO (@120 Mpc)

49
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Improving sensitivity
• What can be done with a better sensitivity?

50

• BNS merger physics
• Localization

• Higher SNR
• Number of sources
• Better parameter

estimation

• Higher masses
• Higher distance
• Better parameter

estimation

Virgo design sensitivity with SR installed



Advanced Virgo+ (2021)
• Improve Newtonian noise cancellation with an array of seismometers
• Improve the quantum noise with squeezing technics (ANRs Exsqueez + 

Quantum filters)
• Under test with LKB, LMA and LAPP using CALVA infrastructure @ LAL
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Multi-messenger astronomy
• SVOM mission @ LAL (to be launched in 2021):
• Perform detection of GRB – LAL in charge of the photon reconstruction in MXT
• Responsible for follow-up of multi-messengers alerts (from GW or neutrinos 

detectors)

• Already working on follow-up with ground based telescopes (for O2 and 
now GRANDMA project for O3)

52



Search for cosmic strings
• Cosmic strings are topological defects which could result from phase transitions in the early universe

• Bursts of gravitational waves are expected to be produced by oscillating loops of cosmic strings

• The waveform of these bursts is well-modeled and are searched in LIGO-Virgo data

→ constraints on the energy of the cosmic string network → constraints on loop formation models

→ constraints on string theory

• Publications:

→ multiple papers using data from LIGO-Virgo runs (S4, S5-S6/VSR1-2-3, O1, O2 in prep.)

→ joint paper with the Planck group including CMB/BAO data (2015)
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UHECR
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EUSO- Balloon Scientific result 1 : on light source detection

Time (2.5μs)

LED Laser Xe flash

300 events identified
offline

55

Example of laser track reconstruction :

ICRC2015



EUSO-Balloon Scientific result 2 : on Airglow UV component

UV radiance

IR radiance

EUSO-PDM

Ki : optical throughput and electronic efficiency

urban

Man-lights

weather
(continuum)

a)

b)

c)

Clear sky

Clear sky

Med. alt
clouds

High alt.
Clouds

urban

Urban
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LAL team work in EUSO-BALLOON data :
the PDM calibration 

In-Flight relative calibration
Dagoret- Rabanal et al. (Thesis sept 
2016)

Post-Flight (lab)  absolute calibration
Moretto et al. (Thesis Oct 2nd 2015)

Electronic noise

Relative efficiency from August 2014’s fligth

HV = 950 V HV =1100 V

0.6 ±0.9 /GTU
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CTA
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Intro Cosmo

Dark Energy
dominated

Matter
dominated

Radiation 
dominated

CMB Galaxy clusters
Large scale structuresInflation with

B-modes
Lensing effects
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Dark Energy
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HICluster

• HICluster program : Wide band observations at the 
Nançay Large Radio Telescope (NRT), equipped with 
BAORadio electronic chain - Search for 21 cm 
emission from nearby galaxy clusters

• PAON4 : construction & deployment of a 4-dish 
prototype radio interferometer array, operating in 
transit mode, in collaboration with Obs. de Paris & 
Irfu/DPhP - 21cm Intensity Mapping instrument 
concept validation

PAON4 @ Nançay 

Milky Way 21cm emissionCygnusA

From PAON4 observation . Q. Huang (PhD)PAON4 Obs. on CasA

Comparison of observation with expected signal, after 

gain/phase calibration

BAORadio (1)
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BAORadio (2)
• NEBuLA/IDROGEN : Development of a new generation digitiser / signal processing 

board, using the White Rabbit technology (clock synchronisation), suitable for 
deployment over a large area (large interferometers). Collaboration with Nançay (Obs. 
de Paris) - Continued in the framework of DAQGEN IN2P3 program 

• Map making : m-mode map making for transit interferometers, foreground separation, 
instrument configuration optimisation (J. Zhang PhD, Q. Huang PhD)

• Tianlai : Collaboration with the NAOC group in China & US (Wisconsin/Fermilab) on 
Tianlai (Intensity Mapping path finder experiment) design and data analysis   

Tianlai (Cylinders + dishes), Xinjiang, Western China 
White Rabbit synchronisation on NEBuLA

Tianlai instrument configuration optmisation : Beams (left) , polar cap survey reconstructed maps (right) - J. Zhang PhD
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• Electronics/ASPIC : LSST camera readout system FE ASPIC/CABAC chips - 1500  
ASPIC chips delivered in 2015 (in collaboration with LPNHE/Paris)

• Calibration/Atmosphere :  Atmospheric transmission models and impact on 
LSST effective passbands & PhotoZ

• Calibration/HOLOSpec : Development of holograms as dispersers for the LSST 
Auxiliary Telescope (AuxTel , atmospheric monitoring) - work in progress in 
collaboration with LPNHE/Paris 

• Calibration/Spectrator : Development of spectral analysis pipeline for AuxTel

LSST (1)

ASPIC/CABAC

← Spectrator software pipeline / HOLOSpec

↓ Atmospheric transmission with different 
atmospheric parameters 
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• DESC/PhotoZ : PhotoZ systematics , use of Machine Learning methods for classification 
(star/galaxy/quasar separation) 

• LSS/PhotoZ : Study of photometric redshifts in LSST, development of a complete, but 
simplified simulation and reconstruction pipeline to study PhotoZ impact of LSS & BAO 
scale reconstruction (collaboration with LPSC/Grenoble)

• DESC/LSS :  Method ( Angpow software) for efficient computation of LSS power 
spectrum in spherical geometry Cl(z1,z2) and angular correlation function computation 

• DESC/TJP : Angpow software interfaced with CLASS and DESC CCL (Core Cosmology 
Library)  

LSST (2)

Angpow

Fractional error on LSS power spectrum 
measurement by LSST - PhotoZ impact (A&A 
2018) 67



• LSST/Computing : Preparation for SDRP (Satellite Release Data Processing) and 
major contribution to the deployment of LSST DC-2013 at IN2P3  

• Computing R&D :  Participation to the PetaSky big data project (CNRS 
MASTODONS) with contributions on PhotoZ & Visualisation (collaboration with 
LPC/Clermont) … 

• Computing R&D :  

• Development on the Apache Spark distributed computing framework , 
Evaluation of Spark for use in the astro/cosmo community 

• Development of the AstroLab software suit, with spark-fits (efficient 
connector to FITS format data) , spark3D (3D catalog handling), 

• Large data set visualisation

LSST (3)

LSST CosmoDC2 

Dark Matter / Microlensing 

• DM/Scintillation : Search for cold molecular clouds as dark baryons on the Milky Way : nano survey 
of LMC during one night   

• DM/Black holes :  Search for massive black (~10 Msol) holes through long duration microlensing 
events - MEMO project : Combining EROS/MACHO/OGLE data sets to perform long duration (> year) 
microlening events - T. Blaineau PhD (started Oct 2018)

+ Une figure du Papier Mirhosseini & 
Moniez 
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Holograms for AuxTel
• Goal : constrain atmospheric parameters by extracting 

spectrum of standards

• Constraints
• Easilly switch imager / spectro.
• Incident beam perpendicular to CCD-plane

• Usual gratings:
• Defocus due to optical path variations with the 

diffraction angle
• Distorsion when used with a converging beam

• Holographic grating:
• forced focus on the focal plane at all wavelengths: 

0th and 1rst order at same focus
• No distorsion by design of hologram
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The light that enters a telescope varies with timescale ~10 min. due to 
the relative speed of the cloud;
by a few %, depending on - distances

- turbulence parameters
- source extension

Pattern moves at the

speed of the screen

The refraction of light 
through a turbulent 
(transparent) cloud... ... produces speckle

Search for transparent missing H2 gas through Scintillation

The light that enters a telescope varies with timescale ~10 min due to the 
relative speed of the cloud; modulation can reach a few %, depending on

distances / turbulence parameters / source extension



CMB
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QUBIC
Explore the b-mode polarisation anisotropies of the CMB

Ground based bolometric interferometer (T=350mK).
Very high accuracy on systematic effects and foregrounds control.
The technological demonstrator instrument is realised.

13

31rst of May: 
arrival of the cryostat in APC/Paris

followed by unloading+leak tests (APC/LAL)

5th of June
Installation of the cryostat on the calibration 
mount (APC/LAL)

Opening of the cryostat+
Installation of the pulse tubes (APC/LAL/Roma)

Installation of electronics+
additional thermometers (APC)

7th of June
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focal planes selects the two frequency bands, centered at 150 GHz and 220 GHz. The right panel of
Figure 1 shows a 3D rendering of the inner part of the cryostat.
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Figure 1. Left: Schematic of the QUBIC instrument. Right: 3D rendering of the inner part of the cryostat.

A key part of the instrument is an array of movable shutters placed between the primary and
secondary feed-horn arrays. Each shutter acts as a RF switch (a blade that can slide into a smooth
circular waveguide), that is used to exclude particular baselines when the instrument operates in
calibrating mode. We call this particular calibration strategy “self-calibration”, which is a key feature
of the QUBIC systematic effects control. The interested reader can find details about self-calibration in
[3].

3. Measurement, self calibration and spectral imaging

3.1. Signal model and synthetic beam

In QUBIC, the optical combiner focuses the radiation emitted by the secondary horns on the two
focal planes so that the image that forms on the detector arrays is the result of the interference arising
from the sum of the fields from each of the 400 apertures.

Therefore, the signal measured at time t by a detector p on the focal plane is:

R(p, n, t) = SI(p, n) + cos(4 fHWP(t)) SQ(p, n) + sin(4 fHWP(t)) SU(p, n), (1)

where n is the frequency and fHWP is the angle of the half-wave plate at time t. The three terms SI,Q,U
in Eq. 1 represent the sky signal in intensity and polarization convolved with the so-called synthetic
beam.

The images in Figure 2 help the reader to understand qualitatively this concept. Imagine that
QUBIC observes a point source in the far field located directly along the line-of-sight with all the
400 antennas open to the sky. The image formed on each of the focal planes (see the right panel of
Fig. 2) is an interference pattern formed by peaks and lobes. This pattern works like a beam pattern that
convolves the sky signal.

Therefore, if X is the signal from the sky (either in intensity, I, or polarization, Q, U), then the
measured signal on the pixel p is the convolution between the signal and the synthetic beam pattern
of pixel p. In mathematical form: SX(p) =

R
X(n)Bp

synth(n)dn. This means that QUBIC data can
be analyzed exactly like the data obtained from a normal imager, provided that we build a window
function of the synthetic pattern for each pixel.

SKY
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QUBIC instrument combines the sensitivity of TES bolometric detectors with the systematic effects and 
foreground control provided by its interferometric design.

QUBIC experiment @ CSNSM

TES detectors developed at CSNSM:
Two focal planes : 150 GHz & 220 GHz spectral band
Each focal plane to be equipped with an assembly of 4 bolometer matrixes (total of 1000 pixels)

Instrument will be limited by the photon noise of the sky. Detector noise NEP = 5 10-17 W/sqrt(Hz) 

TES matrix Integration

Version November 23, 2018 submitted to Universe 7 of 8

Figure 6. Left: location of the QUBIC site compared to the Atacama plateau. Right: uncertainty in the
tensor-to-scalar ratio, r, as a function of the fraction of usable time for two years of operations.

5. Current status

QUBIC is currently in the phase of laboratory calibration of the so-called “Technological
Demonstrator” (TD). The TD is a fully functional version of the instrument in which some of the parts
are characterized by reduced scientific performance. In particular, the TD has only one-quarter of
the 150 GHz TES focal plane, an array of 64+64 horns and switches and a smaller optical combiner.
The objective of the TD is not to produce science but to demonstrate the feasibility of the bolometric
interferometry both in the laboratory and in the field.

In the four snapshots of Figure 7 we show QUBIC at different levels of detail. Panel (a) shows one
of the two cryogenic detection chains. On top of chain one can see the TES focal plane. Panel (b) shows
the array of the 64-64 back-to-back dual-band corrugated horns interfaced to the switch array. Panels
(c) and (d) show the 1 K box before and during the integration into the QUBIC cryostat.

(a) (b)
Figure 7. Status of current QUBIC development. (a) The cryogenic section of the QUBIC detection
chain. (b) The 8x8 back-to-back horns and switches array employed in the Technological Demonstrator.
(c) The integrated 1 K box. (d) Integration of the 1K̇ box into the cryostat shell before starting the
calibration operations.

As of November 2018 QUBIC TD is cold and being calibrated at the APC laboratories in Paris.
This testing phase will end at the beginning of Spring 2019, when QUBIC will be shipped to Argentina
and installed at the site for a first-light test foreseen within 2019. In the meantime in Europe we will
proceed at the finalization of the final instrument missing parts: the full TES focal planes, the 400+400

Focal
plane
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QUBIC technical demonstrator commissioning

The Technological Demonstrator instrument is currently under testing at APC-IN2P3. It will be installed at 
Argentina (Salta province.

Version November 23, 2018 submitted to Universe 6 of 8

Figure 4. Improvement in the recovery of the B-mode power spectrum as a function of the time spent
in the self-calibration mode. The three curves drawn with black solid lines represent theoretical B-mode
power spectra calculated for three different values of the tensor-to-scalar ratio, r.
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Figure 5. Left: cut of the synthetized beam for two monochromatic signals. The main central peaks
superimpose each other, but the first lobes are separated so that they can be resolved. The dashed
lines represent the horn beams. Right: schematics representing the ability to resolve spectral sub-bands
in each of the main QUBIC bands. The instrument first separates the wide-band sky signal into two
main bands (150 and 220 GHz) then we further separate each band in sub-bands thanks to the spectral
sensitivity of the sinthetized beams.

also justified by the following two facts: (i) the atmospheric emission is not polarized to first order and
(ii) a bolometric interferometer intrinsically rejects large-scale atmospheric gradients, which produce
most of the atmospheric noise.

The right panel in Figure 6 (adapted from [6]) shows the overall site quality. In the plot we see the
uncertainty in the tensor-to-scalar ratio, r, as a function of the fraction of usable time for two years of
operations. The circled point shows the estimate for the case in which zero or 12 hours a day are spent
in calibration mode. The plot shows that for a 30% usable time (a conservative estimate for our site)
we can reach a sensitivity on r of 10�2 with two years of operations.
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Demonstrator” (TD). The TD is a fully functional version of the instrument in which some of the parts
are characterized by reduced scientific performance. In particular, the TD has only one-quarter of
the 150 GHz TES focal plane, an array of 64+64 horns and switches and a smaller optical combiner.
The objective of the TD is not to produce science but to demonstrate the feasibility of the bolometric
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Figure 7. Status of current QUBIC development. (a) The cryogenic section of the QUBIC detection
chain. (b) The 8x8 back-to-back horns and switches array employed in the Technological Demonstrator.
(c) The integrated 1 K box. (d) Integration of the 1K̇ box into the cryostat shell before starting the
calibration operations.

As of November 2018 QUBIC TD is cold and being calibrated at the APC laboratories in Paris.
This testing phase will end at the beginning of Spring 2019, when QUBIC will be shipped to Argentina
and installed at the site for a first-light test foreseen within 2019. In the meantime in Europe we will
proceed at the finalization of the final instrument missing parts: the full TES focal planes, the 400+400

Self calibration mode and ability to resolve spectral sub-bands of the synthetized beam will allow to reach 
tensor-to-scalar ratio r=10-2 after two years of operation.


