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WP1-1A: Management 
Contractor: Physics Dept., University of Rome “Tor Vergata” 

WP Manager: Nicola Vittorio 

RATIONALE OF THE PROJECT 
This WP has the goal of providing the managing of the COSMOS Project. This implies: providing support 
to and coordination of the various institutions participating to the Project; monitoring the technical and 
scientific activities; applying all the necessaries measures to correct and to improve the Project 
performance. 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
The results expected after six months from the KO-meeting were relative to:  
managing relations with ASI; 
organizing the starting of the Project; 
coordinating the WP activities; 
monitoring the preliminary technical and scientific results; 
preparing the First Progress Report for ASI; 
preparing a draft of “The Italian roadmap for the next decade CMB experiments”. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
The first step was to create a web page of the Project (www.cosmosnet.it) where to put all the relevant 
information for the COSMOS community. The web page is structured with public and reserved areas. In 
the latter, there is a repository facility as well as a wiki area to facilitate the interactions among the different 
sub-Contractors. 
 
The second step after the KO-Meeting was to formally define and organize the network between the 
Contractor (Physics Dept., University of Rome “Tor Vergata”) and the nine sub-Contractors participating 
to the Project. This has been realized by a formal agreement “to cooperate jointly for the implementation 
of the activities described in the Technical annex” of the ASI/COSMOS Project, and has been signed by 
the end of February 2017 by the Director (prof. Rossana Marra) of the Physics Dept., University of Rome 
“Tor Vergata” and the following partners: 
 

sub-Contractor Reference person 
INAF General Director: dr. Gaetano Telesio 
INFN President: prof. Fernando Ferroni 
SISSA Director: prof. Stefano Ruffo 
University of Milan Rector: prof. Gianluca Vago 
University of Milan-Bicocca Vice-Rector: prof. Gianfranco Pacchioni 
Physics and Astronomy Dept., University of Padua Director: prof. Francesca Soramel 
Physics and Earth Sciences Dept., University of Ferrara Director: prof. Roberto Calabrese 
Physics Dept., University of Genoa Director: prof. Mauro Robello 
Physics Dept., University of Rome Sapienza Director: prof. Paolo Mataloni 

 



 
 

Dipartimento di Fisica  
Università degli Studi di Roma “Tor Vergata” 
Via della Ricerca Scientifica 1, 00133, Roma    
 

Progetto COSMOS  
Prima Riunione di Avanzamento 

 

8 

8 

The agreement is available at the following address: http://www.cosmosnet.it/15-2/. After this, the Physics 
Dept., University of Rome “Tor Vergata” has started the process of distributing to the sub-Contractors the 
first tranche of the ASI Grant. By the 11th of April, all the sub-Contractors received the money, apart from 
the University of Milan for which the process is still ongoing. It is worth mentioning that this activity has 
provided a quite good network among the administrative personnel responsible in the various institutions 
of the local financial reports.  
 
The third step was to organize a series of telecon and meeting with the WP Managers (see page 5 of this 
report) to set up the line of development and milestones of the Project. This has been extremely useful 
for further developing a team attitude of the CMB community involved in the Project.  
 
The forth step was the organization of meetings open to all the Italian CMB community to present and to 
discuss the activities foreseen in the various Project nodes, and to incentivize the interactions and the 
collaborations among people belonging to different Institutions. The first meeting of this series was held 
in Bologna the 20th of January 2017 (the presentations are available at the following address: 
http://www.cosmosnet.it/attivita-di-studio-per-la-comunita-scientifica-di-cosmologia/). The second 
meeting was restricted to the WP Managers, to discuss the status of the art and to finalize the work needed 
for the ASI First Advancement Meeting (http://www.cosmosnet.it/english-riunione-dei-coordinatori-di-wp/). 
A final meeting devoted to present the main findings of each of the WP was organized in Bologna the 26th 
of May 2017 (also in this case, the presentations are available at http://www.cosmosnet.it/pre-ra1-
meeting/).   
 
In parallel to all these activities, a lot of effort has been focused to structure a draft concerning “The Italian 
roadmap for the next decade CMB experiments”. This is conceived as a living document available on the 
reserved area of COSOMS web page (http://www.cosmosnet.it/wiki/roadmap-for-future-cmb-
experiments/) and it will be presented as a draft during the ASI First Advancement Meeting. The idea is 
to arrive to a final document as soon as it will be clearer how to position the CMB Italian community in the 
international scenario. 
 
The COSMOS activities have been presented in the Adjacent Open Access Government issue of May 
2017, available at http://www.adjacentopenaccess.org/research-science-innovation-news/asicosmos-
project-knowledge/33559/. The collaboration with this journal foresees an update on the Project and a 
discussion of its main findings every six months, until December 2019. 
 
Last but not least, the strong and effective coordination at the Italian level with the ASI/COSMOS Project 
has already provided an easier interface with internationally coordinated activities concerning CMB 
ground-based (http://wiki.e-cmb.org/) experiments. 

PEOPLE INVOLVED 
• Nicola Vittorio (WP Manager) 
• Vladimir Lukovic 
• Liù M. Catena (Administration Manager) 
• Giordano Amicucci (Project Assistant) 
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WP1-6X1: Sunyaev Zel’dovich signal 
from future CMB data 

WP Manager: Pasquale Mazzotta (Physics Dept., University of Rome “Tor Vergata”) 

RATIONALE OF THE PROJECT 
Through this project, we will develop and test a new imaging algorithm aiming at restoring the SZ signal 
to the highest resolution allowed by the local signal-to-noise ratio. This goal will be achieved following a 
multiscale approach combining datasets at different frequencies, each of them being characterized by its 
own spatial resolution. Beyond the data analysis of space observatories (e.g. Planck), this approach will 
be relevant for combining the observations of space observatories with balloon-born and ground 
instruments working in several bands with different angular resolutions, such as ACT, SPT and the future 
CCAT. Moreover, the restoration of the bi-dimensional distribution of a local parameter estimated via 
spectroscopy is a general problem with applications at other wavelenghts: among them are the restoration 
of temperature maps in X-ray astronomy or spectral index maps in radio-astronomy. Inspired from recent 
development in radar imaging, we propose to solve this problem from a coupling between bayesian 
inference and multi-scale analyses. Multi-scale algorithms being routinely used for many applications in 
image denoising and compression, this approach might also be applied outside astronomy.  
This project will make use of advanced cosmological hydrodynamical simulations of galaxy clusters, which 
will include astrophysical processes, such as radiative cooling, star formation and the effect of feedback 
from supernovae and AGN. These simulations, which will reproduce basic X-ray observational properties 
of the intra-cluster medium (ICM), represents the starting point to produce detailed maps of pressure and 
of the Compton-y parameter, by including both the thermal and the kinematic components. These maps 
will be “observed” in realistic conditions, by producing SZ mock observations at different frequencies, 
beam smearing, realistic level of signal-to-noise, contaminating backgrounds and point sources. 
Producing the same maps in the X-ray band will further allow exploring the synergies between the next 
generation of mm and X-ray telescopes in tuning galaxy clusters as precision tools for cosmology.  

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
By the end of the 1st Semester of the first year we were aiming at obtaining a full set of:  
a) Hydrodynamical simulations;  
b) Development of the fully parametric component separation algorithm.  

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
We managed to fully complete both tasks and, actually, we are a bit ahead of schedule as we also started 
the implementation of an instrument-optimized denoising algorithm which was planned for the second 
semester.  
At this stage we applied the fully parametric component separation algorithm to the observed frequency 
maps of Planck HFI. Just as an example, in Fig. 1 and 2 we provide a visual illustration of the performance 
of our fully parametric component separation algorithm. Fig. 1 shows the 6 observed frequency maps of 
Planck –HFI extracted in a sky region centered in the massive galaxy cluster Abell 2163. This is a good 
test case as the SZ signal in this area is highly contaminated by the presence of a strong filamentary 
thermal dust component clearly visible in the high frequency range [353–857] GHz but that extends also 
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in the low frequency maps where the CMB anisotropies and the thermal SZ distortions should be 
dominant. Fig. 2 shows the recovered SZ contribution at each frequency. The panels clearly demonstrate 
the quality of the SZ component separation.  
A natural extension of this research line will involve testing Modified Gravity with the Compton-y map and 
performing simulations of the kinematic SZ observations of future CMB survey  
 

 
Figure 1. Planck-HFI frequency maps in the neighbourhood of the galaxy cluster Abell 2163. Numbers in brackets stand for the 
angular resolution. The cluster signal is primarily superposed onto temperature anisotropies of the Cosmic Microwave Background, 
and spatial variations of the Galactic Thermal Dust emissivity.  

 

 
Figure 2. Millimetric signal detected toward the galaxy cluster Abell 2163. Maps result from the Planck-HFI frequency maps (see 
Fig. 1) and a subtraction of CMB and Galactic thermal dust anisotropies. They show a combination of the thermal SZ signal with 
residual anisotropies related to the cluster thermal dust emissivity.  
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PEOPLE INVOLVED 
The people involved, so far, with the activities of this WP are:  
 
Senior Researchers  
Bartolo N. (Padova)   
Biffi V. (Tieste)   
Borgani S. (Trieste)   
Bourdin H. (Cambridge)   
De Gasperis G (RomaTV)   
Liguori M. (Padova)   
Mazzotta P. (RomaTV)   
Rasia E. (Trieste)   
 
PhD Students  
Baldi A. S. (RomaTV)   
Kozmanyan A. (RomaTV)   
Ravenni A. (Padova) 
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WP1-6X2: New point source detection 
methods 

WP Manager: Domenico Marinucci (Mathematics Dept., University of Rome “Tor Vergata”) 

RATIONALE OF THE PROJECT 
Our goal has been to implement the multiple point source testing procedures in a Planck-like environment. 
We recall indeed that our aim here is to show how point-source detection in either the temperature or the 
polarization domains can be cast in the framework of multiple testing, the goal being to investigate 
simultaneously the possible presence of several thousands sources at different (unknown) locations. This 
is quite different from the usual practice in CMB experiments, where point source detection is implemented 
on one-by-one basis, thus neglecting statistical issues on global error control. 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
The new procedure we advocate was expected to been implemented on a specific software suitable for 
Planck data-analysis, by means of the following steps: 
a) In the first stage, full sky-maps of CMB radiation (plus sources) are decomposed into so-called needlet 

components. Needlet are a form of wavelet decomposition which was introduced in Marinucci et al. 
2008 and later used for a number of different purposes in CMB data analysis. It can be viewed as a 
form of high-frequency filtering in multipole space: needlet decompositions have now been 
implemented using also a number of HealPix-based routines 

b) The filtered maps are then investigated; candidate point sources are selected by routines which 
search for local maxima by analyzing gradient and Hessian. These routines have been already 
implemented and validated in a number of experimentally realistic circumstances at Planck resolution, 
and they have shown a remarkable accuracy level 

c) The p-value of each of these local maxima can be explicitly computed by an analytic formula, which 
has been extensively validated on Planck-like maps 

d) A multiple testing procedure controlling False Discovery Date is then implemented.  We recall that 
FDR is defined as the proportion of selected peaks which are not point sources. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
The software to implement these ideas on Planck-sky models is now fully operational. In particular, it has 
been validated generating Planck-like full sky maps, using a Lambda-CDM input power spectrum with the 
best-fit parameters from the 2015 Planck data release. 
Point sources have then been superimposed according to two alternative procedures: 
1) In the first instance, point sources were scattered evenly over the sky according to a Poisson model, 

with varying emission intensity. 
2) In a second, more elaborate implementation, point sources were scattered according to Planck sky 

model, in particular allowing for denser regions around the Galactic plane. 
The simulation results have then been evaluated according to different figures of merits: 
a) the analytic prediction for the distribution of local maxima has been compared with the simulated 

realizations of a pure CMB sky, showing extremely good agreement 
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b) as a next step, FDR control has been shown to hold for a wide range of multipole frequencies, focusing 
in particular on multipoles values in a range around between 1,000 to ensure that the detector noise 
is still subdominant. 

c) finally, the power of the procedure in terms of its ability to recover input point-sources has been verified 
 
The effect of filtering is illustrated first in the following two figures; left panel is a projection of the unfiltered 
map around a point  source with 5 degree diameter; right panel is a similar  projection around the same 
point source but from a needlet filtered map.  

 
In the next figure, it is shown that for a given error rate, the empirical FDR is always below the upper limit 
set by the theory; we plot 4 needlet frequencies, from j=35 to j=38. 

 
 
While these results are encouraging, it must be stressed that they vary for different (and more realistic) 
point source models. In particular, for Poisson sources that are taken to be Poisson distributed, False 
Discovery Control has been shown to hold very much as predicted by the analytic computations, and a 
very high proportion of point sources (>90%) has been shown to be detected, including even the fainter 
ones. More difficulties have emerged when considering unevenly spread sources, and in particular with 
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some concentration region in the Galactic Plane (plots not reported). Here the procedure is clearly 
suffering from some drawbacks which still need to be properly taken into account. 
Our goal in the next few months is hence to address these issues and to proceed with the further steps 
which were foreseen in the program, including a careful consideration of multi-channel information and 
the most efficient handling of foreground components (in collaboration with the Bologna and SISSA 
group). 
 
Point Source Models 
In order to test, apply and assess the quality of Point Source Detection methods, particularly for the almost 
unexplored territory of polarization, it is crucial to understand and model point source polarization signals 
in a realistic way, based on available data. We identified a set of topics, that, other than intrinsically 
interesting from the astrophysical point of view, will be essential for testing analysis methods in this WP 
and, more in general, performing simulation activities in this projects with a good level of realism. They 
include:  

i. Analysis of radio and far-IR sources	
ii. Observations of sources with ATCA & ALMA, data reduction and analysis	
iii. Polarization properties	
iv. Analysis of Planck (PLA-PCCS2) catalog	
v. Analysis of different radiosource observation catalogs at frequencies similar to Planck	
vi. Extraction of total intensity and polarized fluxes at faint fluxes	
vii. Statistical properties	
viii. Implications for number counts, fluctuations	
ix. Refined models	
x. Refined simulated maps for simulation activities	
xi. Refined simulated maps for extraction/filter methods developments 	

While substantial improvements for all the above topics will be obtained during the development of 
COSMOS project, for this report we describe a set of three relevant results achieved or significantly 
advanced in this period, regarding the above items i-viii. The first two sets of activities reported below 
belongs to the first item (Inputs - Data) of this WP plan, while the last one complements the research lines 
of the last two items (Technical Tools; Software) of this WP plan, applying to Planck and ground based 
data the so-called IDA (Intensity Distribution Analysis) mtehod.  

Polarimetry of a complete sample  
We carried out a detailed study of multi-frequency polarimetry of 104 compact extragalactic radio sources 
drawn from the faint PACO sample (ATCA data, Massardi et al. 2016 and Galluzzi et al. 2017).  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure shows flux densities for two representative 
sources of the sample. 

Figure shows flux densities for two sources of the 
sample, indicated in the top labels, in a wide frequency 
range. 
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This allowed us to characterize source synchrotron emissions between 1.1 and 39 GHz (with a sensitivity 
of about 0.7 mJy). We statistically studied source total intensity and polarization (in both intensity and 
polarization angle). To extend the analysis at low frequencies, total intensity spectra down to 72 MHz have 
been thanks to MWA data. 

Implications for number counts  
The new analysis discussed above allow us to refine source counts in both total intensity and polarization, 
from radio to mm wavelengths.	Also, modelling total intensity and polarization of our sample will be useful 
for SKA simulators (T-RECS, Bonaldi et al. 2017), an activity in progress. ALMA follow up for 31 sources 
at 100 GHz (corresponding data reduction is ongoing) allows to extend at the analysis at higher 
frequencies.	

Comparison among catalogues and polarization at faint fluxes 
For relatively bright sources, polarization signal and degree can be directly estimated. On the other hand, 
it is crucial to estimate the polarization degree for faint sources, also because those just below detection 
level largely contribute to polarization fluctuations. We have therefore carried out a new analysis aimed at 
the statistical extraction of source polarization degree at faint fluxes. The key point is that of comparing 
Planck PCCS2 catalog and millimeter catalogues from dedicated observations of point sources to first 
cross-check PCCS2 reliability to infer polarization properties. To this aim we performed a cross-match of 
catalogues, such as those by Agudo et al. (2014) at 86 GHz vs PCCS2 for a comparison with PCCS2 at 
100 GHz (about 180 sources in common) and by Jackson et al. (2010) at 43 GHz for a comparison with 
PCCS2 at 44 GHz (about 150 sources in common). Clearly data are taken at different times, so data 
comparison reflect also radio source potential variability (agreement is found within about 10-20%). 
Agreement on averaged polarization degree between catalogs is found at an absolute level of about 1%. 
The analysis of polarization degree of faint sources in PCCS2 in progress (Trombetti et al. 2017). 

References 
Buzzelli, A. et al. (2017) New Routines for Point-Source Detection on Planck Data, in progress  
Cheng, D. et al. (2016) Multiple testing of local maxima for detection of peaks on the (celestial) sphere, 
Preprint  
Marinucci, D., Pietrobon, D., Balbi, A., Baldi, P., Cabella, P., Kerkyacharian, G., Natoli, P. Picard, D., 
Vittorio, N., (2008) Spherical Needlets for CMB Data Analysis, Monthly Notices of the Royal Astronomical 
Society, Volume 383, Issue 2, pp. 539-545 
Massardi, M., et al. (2016) The Planck-ATCA Co-eval Observations project: analysis of radio source 
properties between 5 and 217 GHz, MNRAS, 455, 3249. 
Galluzzi, V., et al. (2017) Multifrequency polarimetry of a complete sample of PACO radio sources, 
MNRAS 465, 4085. 
Bonaldi, A., et al. (2017) in preparation. 
Agudo, I., et al. (2014) A simultaneous 3.5 and 1.3 mm polarimetric survey of active galactic nuclei in the 
northern sky, A&A 566, A59.   
Jackson, N., et al. (2010) High-frequency radio polarization measurements of WMAP point sources, 
MNRAS 401, 1388. 
Trombetti, T., et al., 2017, in preparation.  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PEOPLE INVOLVED 
Group Members in Rome: Alessandro Buzzelli, Giancarlo De Gasperis, Yabebal Fantaye (Cape Town), 
Domenico Marinucci, Nicola Vittorio 
 
Group Members in Bologna and Padova: Carlo Burigana, Gianfranco de Zotti, Vincenzo Galluzzi, 
Marcella Massardi, Tiziana Trombetti 
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WP2-6X1: Future ground-based CMB 
experiments 

WP Manager: Marco Bersanelli (Physics Dept., University of Milan) 

RATIONALE OF THE PROJECT 
This WP aims at the following objectives: 
a) Survey the state-of-the-art technology for polarized detectors at low frequencies (10-100GHz), and 

extrapolate into the next 10 years. Analyse the current status in Italy and the potential for future 
technology progress. Identify international collaboration opportunities. In particular, carry out a 
feasibility study of extension of Italian bolometer technology to low frequency for ground 

b) Develop an atmospheric model to estimate atmospheric noise into polarization measurements. 
Comparative analysis of observing sites. 

c) Develop an instrument configuration for a medium-term (~5 years) ground-based, low-frequency 
experiment (MTGB) aimed at precision measurements of CMB polarization and synchrotron, as a 
successor of LSPE/STRIP. 

d) Develop an instrument configuration for a long-term ground-based (LTGB) experiment, as an 
ambitious programme to measure primordial B-modes at low-frequencies (5-100GHz) from the 
ground. This is conceived as a long-term (~10-15 years) contribution to the ongoing collaborative 
effort in Europe and in the US (S4).  

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
According to our plan, the results expected after six months from the KO meeting are the following: 
Review of state-of-the-art in Italy on low frequency critical technologies 
Review of synchrotron and CMB polarization models and data 
Preliminary simulations of atmospheric effects and new atmospheric model. 
Preliminary design options for the MTGB 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 

Review of state-of-the-art in Italy on low frequency critical technologies 
Front-End passive components.  
Different antenna types are currently used in CMB experiments, including horn antennas, lenslet-coupled 
antennas and planar phased-array antennas. In Italy, high performance wideband (20-30%) corrugated 
feed-horns have been developed (IASF-Bo & UniMi, [1]) and novel manufacturing technologies have been 
exploited to achieve high scalability. Large arrays of corrugated feed-systems – including waveguide 
polarizer and OMT – operating in the Q-band have been realized with machined platelets for the LSPE-
STRIP experiment (UniMi & IEIIT, [2] [3]) and the Sardinia Radio Telescope [4]. In the D-band, at 
frequencies up to 220 GHz, a 400-elements array is currently being finalized for the QUBIC experiment 
[5] by means of etched platelets technique, which can also be employed at lower frequencies. Multi-layer 
technique has been successfully exploited (IEIIT) for the development of turnstile-junction OMT’s, 
conceiving toward a high parallelization rate of the manufacturing process, while providing high 
electromagnetic performance (cross-coupling < -50 dB, isolation > 50 dB) [6]. A split-block design of 
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groove polarizers and an ad-hoc assembly procedure allowed the development of recurring high-
performance polarizers (cross-polarization < -35 dB, return-loss > 36 dB, insertion-loss < 0.07 dB [6]) for 
the LSPE-STRIP front-end in the Q- and W-bands. 
The POLARBEAR-2 team in Berkeley proved the feasibility of lenslet-coupled sinuous antenna feeding 
TES bolometers. This technique allows for high symmetrical beams (ellipticity < 1%) in a wide frequency 
band down to 40 GHz with dual polarization discrimination [7]. Dual-polarized leaky lens antennas have 
been developed with promising performance in terms of cross-polarization (< -30 dB) in [8]. In the frame 
of this contract, the Italian scientific community could gain experience with this promising technique 
through collaborations with the University of Pavia (expertise in 3D-printed microwave components) and 
industries specialized in dielectric antennas (e.g. TR-system S.r.l., already collaborating with the 
University of Parma and PNRA but also, among others, Glomex S.r.l., CUBIT, Faini Telecommunication 
Systems S.r.l, Skylogic S.p.A.). This would open to the development of hierarchical phased array based 
on intrinsically broadband pixels, leading to greatly reduced focal-plane mass, higher array sensitivity and 
a larger number of spectral bands compared to focal-plane designs using conventional single-color pixels 
[9]. 

Detector technology  
Traditionally the low frequency range has been covered by coherent detectors based on HEMT low noise 
amplifiers. This technology is not available in Italy, and it is not expected to reach a competitive level in 
the near future. However, Italy has a long standing expertise in design, development and testing of 
coherent radiometric systems [10], and consolidated collaboration with the JPL group who have this 
technology available.  Further investigation will be carried out to assess the status of low noise amplifiers 
and phase switches in Europe.  
Significant expertise has been reached in Italy on TES bolometers (INFN/Genova) and KID detectors 
(CNR Rome). These technologies enable the development of densely populated focal planes. Extending 
their performance to low frequencies would be of great interest for ground based future experiments. TES 
could be operative down to Ka- and Q-band. KID technology has been already proved in the W-band by 
CNR & University of Rome [11] and by CNRS & Université de Grenoble [12]. University of Milan is 
investigating optical coupling between waveguide feed and KID detectors in the D band.  

Cryogenics, electronics and testing 
Italy has a long-time heritage on electronics and cryogenic system (4-20K) coming from the development 
of low frequency HEMT-based instruments such as Planck LFI and LSPE-STRIP.  In particular, the LSPE-
STRIP cryo system is currently being developed by IASF-Bo group, while its electronics system is being 
developed by the Milano-Bicocca team. 
The future use of TES or KID technology at low frequency will require fast readout electronics to handle 
several tens/hundreds of detectors in the focal plane, as well as cryogenic systems for their operation at 
sub-K temperature. The INFN group in Pisa and the University of Milano-Bicocca have well established 
experience on the development of low noise bias/readout electronics.  
A crucial aspect is the availability of the facilities necessary for testing devices and systems. In Italy several 
groups have developed high quality anechoic chambers, cryogenic testing of detectors, electronic 
laboratories, etc. (A detailed survey will be made). 

Institutions, industry, possible new partners.  
We have developed a database of potential partners in the microwave/materials/mechanical industry in 
Italy, which is currently being updated. In addition, we are identifying a number of international 
collaboration opportunities, particularly in Europe and in the US. 
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Review of synchrotron and CMB polarization models and data 
According to present data, known diffuse Galactic Foregrounds are dominated by thermal dust and 
synchrotron (See Scientific Motivation Section) and at the degree angular scale, they are comparable or 
dominant with respect to cosmologically relevant levels of B-modes from cosmological gravitational 
waves, at any frequency and any location in the sky [1] [2] [3] [4]. In the few regions where both of them 
are detected with high confidence, the emission minimum exhibits substantial variations in the interval 
between 60 and 90 GHz, with levels corresponding to a cosmological tensor to scalar ratio comparable to 
0.1 [5]. At this moment, the B-mode foreground experiments are being conceived through a multi-
frequency concept, with robust foreground monitor channels in order to achieve effective subtraction at 
frequencies corresponding to the foreground minimum.  
 
Indeed existing data, despite the remarkable evidences summarized above, aren't accurate enough to 
allow efficient subtraction. This is particularly relevant for the low frequency synchrotron emission, where 
the data from Planck and WMAP poorly constrain the emission at intermediate and high Galactic latitudes 
(see [5]). New data sets are necessary in particular at low frequency prior to attempting a significant 
detection of B-modes from cosmological gravitational waves. At this moment, the forthcoming datasets to 
analyse at low frequency are represented by the S-PASS survey at 2.4 GHz (ongoing), the data being 
collected by QUIJOTE, and finally, the near future observations by LSPE-STRIP.  
 
Despite these evidences, the polarized Galactic foregrounds are poorly known for implementing an 
efficient subtraction in the B-mode data of operating experiments at degree scales. The most advanced 
result in this direction is represented by the constraint obtained by the BICEP experiment [6], by 
subtracting the polarized foreground measurement from Planck at (353 GHz) in bands at 95 and 150 GHz, 
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reaching an upper limit of r=0.07 in terms of ratio between power in cosmological gravitational waves and 
density perturbations (tensor to scalar ratio). 
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Preliminary simulations of atmospheric effects and new atmospheric model 
In the context of the present WP, we started the activity on the atmospheric contribution for a ground-
based low-frequency experiment by taking as a work-case the site of Teide in Tenerife. This is the site 
selected for LSPE/STRIP and possibly for its successor MTGB (see below).   
The activity in this preliminary phase was divided into two steps. From the one side we collected all the 
radiometric atmospheric emission data taken directly from the Tiede site to be incorporated in the Danese 
& Partridge (D&P) atmospheric model. We have long-term experience with the D&P model [1] for CMB 
absolute measurements from different sites (White Mountain, California; South Pole). Our results show 
that when provided with proper height profiles of temperature, pressure and relative humidity, the D&P 
model gives prediction of the atmospheric emission in very good agreement with measurements in the 4– 
90 GHz range [2]. At the moment we do not have such detailed profiles for Teide Observatory, but we do 
plan to get them in the near future. We therefore use the library of models already provided into the D&P 
code and try to find, with possible tuning of the main absorption/emission parameters, the model that best 
represents the radiometric data. We find that a minimal modification of the continuum O2 emission we are 
able to follow the radiometric data using a mean latitude model. However some discrepancies are still 
present that will be resolved with the usage of the in situ profiles of temperature, pressure and humidity. 
Given this preliminary results we started a simulation activity in order to see if the current instrument 
specifications (e.g. white noise level and knee-frequency of the 1/f noise) allow us to trace the expected 
cosecant behavior of the atmospheric emission. This work is very preliminary and requires a better 
implementation of the actual observing and pointing strategy. 
Atmospheric emission is known be highly un-polarized, however, very little is known in terms of 
quantitative limits. We are revisiting the D&P equations to isolate the terms that can in principle produce 
a polarization component. We aim at estimating the potential polarization effect and possibly compare it 
with STRIP measurements at Tenerife. 
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Preliminary design options for the Medium Term Ground-Based (MTGB) 
instrument 
The first phase of this WP foresees the design of a medium-term ground-based (MTGB) instrument, 
conceived as a successor of the LSPE-STRIP. The MTGB is planned to be operated in a time frame of 
about 5 years from now.  
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As a starting point we will assume that MTGB will exploit the STRIP site at Observatorio de Tenerife and 
the STRIP telescope, provided by the Oxford team and installed at Tenerife. The STRIP experiment is 
planned to be deployed at the site in March 2018 with a foreseen observation campaign of 2 years. 
Therefore the time frame for the operation of MTGB is 2020-2022. 
Different detector technologies can be considered for a future low frequency instrument: HEMT-based 
polarimeters (heritage from LFI and QUIET, extending the current JPL/Caltech collaboration); TES 
bolometric detectors (possible implementation of TES from INFN/Univ. of Genova); MKID operating at 
lower frequencies than those currently exploited (proved by groups in Rome and in Grenoble). TES and 
MKID technology are demonstrated in W band, and may be extended to lower frequencies. As a first study 
case we consider replacing the STRIP Q-band focal plane with a W-band array (75-110 GHz). Another 
possible choice is to continue measurements in Q-band but with the higher sensitivity of TES and/or MKID 
detectors, if their operation in Q band will be demonstrated. A mix of Q and W band in the focal plane is 
of course possible. A scientific evaluation for the choice of frequency channels and number of detectors 
will be carried out.  
An array of hundreds of cryogenic detectors will populate the focal plane of the instrument. Most of the 
analysis and numerical simulations performed on the STRIP focal surface, as well as the field experience 
during the STRIP campaign, will be useful in the design of the W-band receiver. Nevertheless, a careful 
design of the optical coupling between feed system and detectors will be required, as well as laboratory 
measurements and tests of the optical response of the sub-system. A trade-off between different 
technologies for optical coupling and polarization separation (corrugated feed-horns, lenslet antennas, 
OMT’s, etc.) will be carried out. Finally, a complete characterization of the telescope performance (in 
particular cross polarization and sidelobes) will follow. 
As part of the COSMOS study INFN-Genova and University of Milano will be working on the development 
of low frequency bolometers and their optical coupling, which could operate in the W- and Q- and Ka-
bands. The CNRS/University of Grenoble successfully tested MKID devices at frequencies down to 60 
GHz in the frame of NIKA/KISS experiments. The level of readiness and reliability of those different 
technologies will be considered for the implementation in the MTGB. 
The STRIP cryogenic system shall be redesigned to fit new specifications of the instrument. TES and/or 
MKID detectors require a more critical cryogenic environment than that of the STRIP coherent receivers 
(HEMT temperature is about 20K), so that a new cryo system will be developed and tested. MKIDs feature 
intrinsic frequency domain multiplexing at microwave frequencies, allowing the construction and readout 
of large arrays. They do not require the complex cryogenic multiplexing electronics used for TES 
detectors, but instead transfer this complexity to room temperature electronics. Readout may exploit on 
open source hardware developed by the Collaboration for Astronomy Signal Processing and Electronics 
Research (CASPER [1]). 
Modification to the mechanical structure of STRIP will be needed to satisfy the new focal plane 
configuration. A new FPU mechanical structure will be designed and developed, providing support for the 
detectors array and optical elements (feed, OMTs, infrared filters and dielectric window). 
Most of the software pipeline for the acquisition and data processing will be directly reused or adapted for 
the new configuration in the W-band. 
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WP2-6X2: Support to data analysis for 
LSPE/STRIP 

WP Manager: Davide Maino (Physics Dept., University of Milan) 

RATIONALE OF THE PROJECT 
STRIP will require the development of two pipelines: 
A data analysis pipeline, that will take the timelines measured by the polarimeters as input and will output 
sky maps; 
A simulation pipeline, used to estimate the performance of the instrument as well as the impact of 
systematic effects; this pipeline will be multipurpose, and it will be able to output either timelines or 
simulated maps of the sky. 
The philosophy behind this WP is to develop, test and use a simulation pipeline for the STRIP instrument. 
Clearly we plan to design and develop a preliminary version of the data analysis pipeline in parallel with 
the work on the simulation pipeline. This is fundamental for starting the exploitation and usage of the 
simulation results in order to reach the goal of this WP. A fully consistent and working data analysis 
pipeline is out of the scope of the present project, and will be part of the overall LSPE data analysis effort.  
At the same time the experience that we will acquire in the analysis of simulated data, both in terms of 
algorithm and procedures as well as actual implemented codes, will serve as a skeleton onto which build 
the complete data analysis process.  
There are several purposes served by this pipeline: 
Fix the details of the scanning strategy and the acquisition mode of the instrument while taking data during 
the nominal mission period; 
Forecast the accuracy in the determination of the calibration constants, polarization angles, linearity, and 
other instrument parameters; 
Forecast the quality of the data to be acquired with the real instrument, and estimate the precision of the 
cosmological parameters to be extracted from LSPE data; 
Estimate the impact of systematic effects of known origin (non-idealities in the beam response, 1/f noise, 
atmospheric contamination, etc.) on the scientific outcomes of the experiment; 
Testing algorithms and solutions to be implemented in the data analysis pipeline. 
We will develop the simulation pipeline using the same conventions used by the SWIPE team (e.g., 
definition of the polarization angle, data model and data formats used by whole pipeline). In general, close 
coordination between the STRIP and SWIPE data analysis teams will be crucial. 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
In order to meet the four objectives listed in the specification of this WP, we have planned work on the 
following topics in the 6 months following the Kick-Off: 
Instrument model development; 
Simulations development. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
We have chosen Python as the language to use for the development of the STRIP pipeline. The name of 
the pipeline is «Stripeline», and we have already completed the following tasks: 
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We have created a GitHub repository: https://github.com/ziotom78/stripeline; 
We have implemented a Continuous Integration system, based on Travis CI, that runs a number of self-
consistency checks on the code every time a change is committed in the repository: https://travis-
ci.org/ziotom78/stripeline; 
We have started writing a user’s manual, which explains the structure of the pipeline, provides installation 
instructions, and documents the functions that are available to the user: 
http://stripeline.readthedocs.io/en/latest/. 
We have written a set of codes to produce simulated noise of several types: uniform, white noise, 1/f, 1/f2, 
1/fa (see https://github.com/ziotom78/stripeline/blob/master/stripeline/noisegen.py); 
We have created a number of functions to simulate the scanning strategy of the instrument (see 
https://github.com/ziotom78/stripeline/blob/master/stripeline/scanning.py); 
We have ran a number of simulations to help us determine the best scanning strategy for STRIP  
We have started defining the structure of the instrument model, regarding the optical characteristics of the 
horns on the focal plane and of the scanning strategy; see 
https://github.com/lspestrip/stripeline/tree/master/instrument. 
Regarding the algorithms and methods to use, we have accomplished the following results: 
One of us (M. Tomasi) has done a quite extensive set of tests to check which are the compression 
techniques that minimize the wall clock time needed to read large timelines from disk. 
We have started implementing the simulation pipeline in the language Python 3, using Fortran to speed 
up critical code paths, with excellent results: we measured the speed of the code, and we found that it is 
always of the same order of magnitude as traditional Fortran/C++ codes (see the implementation of 
«Stripeline», at the URL https://github.com/ziotom78/stripeline). 
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WP3-6X1: Future balloon borne CMB 
experiment 

WP Manager: Paolo De Bernardis (Physics Dept., University of Rome Sapienza) 

RATIONALE OF THE PROJECT 
Design a high-frequency experiment for CMB B-modes search and foregrounds cleaning, to complement, 
in the medium term, the ground-based efforts (S4), and to prepare the technology/methodology for the 
next-generation CMB satellite. 
Study the feasibility of a balloon-borne measurement of the spectral distortions of the CMB (both absolute 
and anisotropic). 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
Review of ISD polarization models and data 
Review of CMB polarization models and data 
Review of spectral distortions of the CMB 
Simulation of atmospheric effects in polarization and spectral emission/anisotropy 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 

Review of ISD polarization models and data 
 

 
Figure 1. The atmospheric brightness at balloon altitude (thin black line) is compared to a 2-components spectrum of dust emission 
(blue line), resulting from one component at 18 K (black dashed line) and one component at 5 K (red dashed line). Six possible 
polarimetric bands for a balloon-borne polarimeter are also overplotted in different degrees of blue. These are centered at [180, 225, 
280, 345, 400, 510] GHz. For comparison, the CMB is the solid cyan line. Dust and CMB spectra (as well ans fiters transmissions) 
are arbitrarily normalized, to be visible in the plot. 

A review of ISD polarization models and data has been included in the Section “Scientific motivations” of 
the document “The Italian Roadmap for the next decade CMB experiments”. In Section 3 of the same 
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document (Next-generation of balloon-borne CMB experiments) we have included a comparison of typical 
dust spectra and atmospheric emission at stratospheric altitude, with a determination of the best 
observation bands (minimizing the background from the residual atmosphere and maximizing the 
coverage of dust brightness in a wide frequency range), so that the parameters for a two-components 
dust model can be retrieved from the data. In figure 1 we show the location of the best bands for accurate 
ISD polarization monitoring.  

Review CMB polarization models and data 
A review of CMB polarization models and data has been included in the Section “Scientific motivations” 
of the document “The Italian Roadmap for the next decade CMB experiments”. In Section 3 of the same 
document (Next-generation of balloon-borne CMB experiments) we have included a review of the CMB 
observables in the framework of stratospheric-balloon observations. The range of frequencies, angular 
resolutions, angular scales and sky coverage best suited for CMB polarization observations has been 
investigated. In figure 2 below we show the effect of finite sky coverage, in a few relevant cases for balloon-
borne observations.  

 
Figure 2: Comparison of standard deviations on the angular power spectrum BB, due to cosmic/sampling variance related to 
incomplete sky coverage. The spectra and their variation have been estimated by an implementation of the MASTER pseudo-Cl 
method, from 100 CMB-only (r=0.03) Monte-Carlo-simulated maps. Different observed sky patches have been considered: 30° x 
30° (solid line), 360°  x 20° (dashed line), 360° x 45° (dashed-dotted line), 360° x 90° (dotted line). We have also included a list of 
current and forthcoming balloon-borne surveys of CMB polarization.  

Review of spectral distortions of the CMB 
The spectral distortion of interest for balloon-borne measurements have been reviewed and listed in a 
detailed table in paragraph 3.2.1 of Section 3 of the document “The Italian Roadmap for the next decade 
CMB experiments”. Instrumental approaches have also been described and compared; the brightness of 
the residual atmosphere has been compared to the most important spectral distortions, and the best 
frequencies for observation have been selected.  

Simulation of atmospheric effects in polarization and spectral 
emission/anisotropy 
A stratospheric brightness and transmission model has been setup. Background, noise and polarization 
effects have been reviewed. In figure 3 below we plot the brightness temperature, for 3 possible balloon 



 
 

Dipartimento di Fisica  
Università degli Studi di Roma “Tor Vergata” 
Via della Ricerca Scientifica 1, 00133, Roma    
 

Progetto COSMOS  
Prima Riunione di Avanzamento 

 

29 

29 

altitudes, in the spectral range of interest here. All this is more extensively discussed in paragraph 4 of 
Section 3 of the document “The Italian Roadmap for the next decade CMB experiments”.  
 

 
Figure 3: Stratospheric emission at different altitudes for a 45° elevation slant path to space starting at 35km (black), 38 km (red), 
45 km (blue) of altitude. In the range of altitudes accessible by stratospheric balloons the brightness of the residual stratosphere 
does not change very significantly with altitude. 
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Francesco Piacentini, Andrea Tartari.  
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WP3-6X2: Support to data analysis for 
LSPE/SWIPE 

WP Manager: Francesco Piacentini (Physics Dept., University of Rome Sapienza) 

RATIONALE OF THE PROJECT 
The objectives of the WP are:  
Prepare quantitative simulations of SWPE datasets including optimized scan strategy and known 
systematic effects; 
Coordinate and contribute to the development of the analysis pipeline; 
Test the performance of the pipeline by means of simulated datasets and devise strategies to mitigate 
systematics; 
Perform the data analysis of LSPE/SWIPE if data will be available. 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
Goals of the first 6 months of activity are: 
Instrument model development 
Simulations development  

RESULTS OBTAINED AFTER SIX MONTHS FROM THE KO-MEETING 
The group has developed an instrument model, a sky simulator, and an instrument simulator for LSPE-
SWIPE.  

Instrument simulator 
In the following we report lists of Settings, Inputs, Outputs, and Implementation details of the simulator.  
Settings: 
Launch site coordinates 
Sampling rate 
Spin rate 
Elevation 
Elevation range 
Mission Length 
HWP 
cutoff radius for Real-Space Convolution 
Inputs: 
• High resolution map of the sky model 
• Detector List 
• Instrument Database: 

o Detector position 
o Noise NET 
o Noise slope 
o Noise knee frequency 
o Real space beam 
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Outputs: 
Time Ordered Data (TOD) 
Attitude 
Reconstructed Map 
Noise Map (with intra-pixel covariance) 
Total coverage 
Single detector maps 
Single detector coverage 
Noise Montecarlo 
Real-space convolved map 
Real-space convolved single detector maps 
Several intermediate products available 
Implementation: 
OpenMP 
Several parallelizable loops 
No threaded libraries used so far. Required for efficiency improvement  

Sky model 
As an input to the simulator, the group has adopted a simple but realistic sky model. The sky model 
includes large scale structures (larger than 1 degree), in intensity and polarization. The model can be 
used to produce maps which considers the LSPE spectral bands.  
Intensity model:  
It is taken from Planck 1 degree resolution commander component separation products 
https://wiki.cosmos.esa.int/planckpla2015/index.php/CMB_and_astrophysical_component_maps 

Polarization model 
Polarization model is taken from the paper Carlos Hervías-Caimapo, Anna Bonaldi, Michael L. Brown, A 
new model of the microwave polarized sky for CMB experiments, MNRAS [2] 
(http://arxiv.org/abs/1602.01313) and it includes dust and synchrotron only. The model is available at this 
link: 
 http://www.jb.man.ac.uk/chervias. 
 The following figures represent the sky model in the LSPE spectral bands, produced by the sky model 
simulator.  
 

 
Figure 1: input map in intensity and polarization, in the 140, 220, 240 GHz spectral bands of LSPE 

Instrument simulator input parameters 
The list of input parameters for the LSPE instrument simulator is included in the params.ini file needed 
to run the model. 
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Instrument model 
The instrument model is build according to the following scheme: 
 
   n detectors 
   name        x          y      FP angle (0 or 90)   eta      net         knee          slope 

example: 
   1 
   140_0a     0.0000000   0.00000   0.00000       1.00000   50.00000    0.0200000    -1.0000000 

If beam convolution is included:  
   n detectors 
   name:beam.fits 
example: 
1   
140_0a:/global/scratch/sd/paganol/LSPE/simulatore/inputs/beams/test.fits 
The beam files must be generated as fits astronomical images. 
Running: 
mpirun -n ndet ./convolver params.ini 
Running at NERSC: 
On CORI, create the batch file slurm_ex_cori.sl, similar to: 
#!/bin/bash -l 
#SBATCH -p debug 
#SBATCH -N 4 
#SBATCH -t 0:30:00 
#SBATCH -J do_test  
#SBATCH -o do_test.log 
#SBATCH --mail-type=begin,end,fail  
#SBATCH --mail-user=user@mail.com 
#SBATCH -C haswell 
##http://www.nersc.gov/users/computational-systems/cori/running-jobs/example-batch-
scripts/ 
 
cd $SLURM_SUBMIT_DIR 
export OMP_NUM_THREADS=1 
srun -n 110 -c 2 ./simulator params.ini 
Noting that : 
–n 110 is equal to the number of detectors in the parameters file; 
–c 2 represent the number of OMP thread number, and must be larger than the OMP_NUM_THREADS 
system variable;  
–N = 4 represent the number of nodes used, which must be N>= n*c/32   
see [3] for details 
then run with: 
sbatch slurm_ex_cori.sl 

Estimation of computational resources needed 
We make here an estimation of the computational resources needed to run the simulator, considering the 
case of Montecarlo simulations of the experiment.  
Hypothesis. We assume to have available a cluster with the following characteristics.  
32[cores/node] 
256[GB/node] of RAM 
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36[GFlops/core] (performance of each core, as in the case of CORI at NERSC) 
The simulator, in its more complex version, requires 16GB of RAM for each task (a task simulates a single 
detector).  
We can then run 256[GB/node]/16[GB/task] = 16[task/node] 
In order to run 320 detectors, we need to use: 
320[tasks]/16[task/node] = 20 nodes.  
This simulation requires at CORI NERSC a wall time equal to 2 hr.  
Then for a single realization of the mission, we need 20 nodes for 2 hours. This corresponds to 640 cores 
for 2 hours, or 1280 CPUhours.  
This number then scales with the number of realizations. For a 1000 realization, we need 1280000 CPU 
hours.  

PEOPLE INVOLVED 
University Roma1 (Sapienza): Francesco Piacentini, Paolo de Bernardis, Silvia Masi, Luca Lamagna, Elia 
Battistelli, Luca Pagano (Post-Doc); Alessandro Paiella (Post-Doc), Fabio Columbro (PhD). 
University Roma2: Giancarlo De Gasperis, Alessandro Buzzelli (PhD). 
University of Ferrara: Paolo Natoli, Linda Polastri (PhD), Diego Molinari (post-Doc), Massimiliano Lattanzi. 
IASF-BO Alessandro Gruppuso. 
University of Pisa: Giovanni Signorelli; Davide Vaccaro; Fabrizio Cei. 
External: Gianluca Polenta (Italian Space Agency), Marina Migliaccio (Italian Space Agency), Luca 
Pagano (IAS-Orsay, France) 
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WP4-6X1: Next generation of CMB 
space missions 

WP Manager: Reno Mandolesi (INAF-IASF) 

RATIONALE OF THE PROJECT 
The current cosmological models and the state-of-the-art of CMB temperature and polarization 
observations (mainly based on Planck and BICEP/Keck results) point towards the need of a 
complementary approach of space projects, focused on CMB analysis, and of sub-orbital observations for 
precise, multi-frequency (including the lowest and highest – experimentally feasible frequencies) 
foreground treatment and very high resolution mapping. The latter is crucial to be able to e.g. detect and 
characterize primordial B-mode polarization from a stochastic background of gravitational waves with a 
primordial perturbation tensor-to-scalar ratio r around 10-3.  
In parallel we will investigate also the observability of CMB spectral distortions specially those deriving 
from the re-ionization epoch.  
As a third goal we will investigate the feasibility of a micro/mini space mission to be used as a calibrator 
for all CMB experiments on ground (and eventually space). 
The main object of this WP is aimed at:  
Definition and design implementation of a next CMB oriented space mission.  
Definition and road-map implementation of sub-orbital (ground and balloon) experiments/projects/ 
facilities to complement space mission. 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
The main goals planned for this period are: 1. Ingesting of available tools and data sets; 2. Design and 
simulation planning; 3. Outline of future CMB space missions in the orbital & sub-orbital frameworks. 
In the analyses described below (Sect. 3) we largely ingested and used the Planck legacy for what 
concerns both data analysis tools and component maps to characterize astrophysical foreground 
emissions and CMB anisotropies (item 1). We mainly focused the study on anisotropy missions under 
different configurations (item 2). Finally, we started also the investigation (item 3) of implications of 
spectrum oriented missions (Sect. 4), a topic that still relies mainly on COBE/FIRAS data of about 20 
years ago. 
A CMB space calibrator to be used as a large use facility will also be examined. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
In the first six months we concentrated our efforts mainly in a CMB polarization mission and started 
studying a spectral space mission. 
We have studied the capabilities of different concepts for the next space CMB mission dedicated to 
polarization to improve on the current cosmological constraints, largely based on Planck for temperature, 
E-mode polarization and lensing, and on BICEP 2/Keck Array/Planck joint cross-correlation for primordial 
B-mode polarization. 
As a first step, we have concentrated on the impact of the telescope size and noise sensitivity on the 
science results. This comparison is important since the size of the primary aperture, and therefore of the 
instrument, and the number of detectors determine the cost of a CMB polarization mission. 
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             We have studied the CORE-like specifications of the proposal for a CMB space satellite submitted in 
October 2016 in response to the ESA fifth call for a medium-size mission (Burigana et al. 2017; de 
Bernardis et al. 2017; de Zotti et al. 2016; Di Valentino et al. 2016; Finelli et al. 2016); these specifications 
correspond to an aggregate noise sensitivity of 1.7 µK arcmin obtained by 19 frequency channels 
spanning the range 60-600 GHz with an angular resolution of 5' at 200 GHz determined by a 120 cm 
mirror. We have compared these CORE-like forecasts to those obtained with experimental specifications 
from other concepts for the next space missions dedicated to CMB polarization, with telescope sizse from 
60 cm to 150 cm. 

          These concepts include (a) the LiteBIRD-ext configuration (Errard et al. 2015) for JAXA LiteBIRD mission 
(Matsumura et al. 2014) with an aperture around 60 cm, (b) three configurations with the same noise 
sensitivity per arcmin as LiteBIRD-ext, but with higher angular resolution thanks to a larger telescope of 
80 cm (LiteCORE-80) or 120 cm (LiteCORE-120) or 150 cm (LiteCORE-150), and (c) the COrE+ proposal 
previously submitted to ESA in response to the M4 mission call and its version optCOrE+ with an extended 
mission duration. 

Cosmological Parameters  
The precision of the determination of cosmological parameters will be greatly improved by a CORE-like 
experiment. With the inclusion of the CMB lensing, whose information will be exploited up to the scales 
where linear theory is reliable, the improvement with respect to Planck is extremely significant: a CORE-
like experiment can simultaneously improve constraints on the cosmological parameters of the 
concordance cosmological model by a factor 7.3 (As), 5.5 (H0, Ωcdmh2), 4.5 (Ωbh2, τ), and 3.4 (ns). The 
reionization optical depth τ is measured down to the cosmic variance limit by all different configurations 
studied because of the high signal-to-noise measurement of the reionization bump in the EE power 
spectrum. For the other five parameters, the telescope size is important: the improvement in the ratio of 
uncertainty expected from a CORE-like over a LiteBIRD-like experiment ranges between a factor 3.4  for 
ns and 4.3 for H0, respectively. For important one-parameter extensions of the concordance cosmological 
model the figure of merit are the following:  
a. A CORE-like experiment alone could detect neutrino masses with an uncertainty on the neutrino mass 

around 0.043 eV, enough  to rule out the inverted mass hierarchy at more than 95 c.l..  
b. A CORE-like experiment could also provide extremely stringent constraints on the neutrino effective 

number Neff with en uncertainty around 0.041. 
c. The primordial Helium abundance Yp can be measured by CORE-like with an uncertainty of 0.0029 

that is almost a factor two better than current constraints from direct measurements from metal-poor 
extragalactic HII regions. 

d. By measuring the intermediate angular scale CMB polarization with unprecedented accuracy, a 
CORE-like will scrutinize with the highest possible detail the process of recombination, improving 
current constraints on the amplitude of the recombination two photons rate by a factor 5. 

Also for these one-parameter extensions a CORE-like experiment constrains the neutrino effective 
number and the primordial helium abundance with a precision about 5 and 3 times better than LiteBIRD 
alone, respectively.  
It is important to stress that the differences between different versions of a CORE-like experiment as 
CORE-M5 and COrE+ are of the order of 10% demonstrating the optimization of the design for the 
proposal submitted to the M5 call with a telescope size 20% smaller. 
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Inflation 
The precision on key inflationary parameters such as dns /d ln k and Ωk will improve with respect to the 
Planck 2015 release by approximatively factors of 2.9, and 4, respectively. By providing a cosmic variance 
limited measurement of the EE power spectrum up to high multipoles, any of the proposed CORE-like 
configurations will increase the amount of information available on the scalar primordial power spectrum 
by an order of magnitude with respect to current data, and will be able to probe the primordial origin of 
features in the Planck temperature power spectrum at high statistical significance. CORE will determine 
the nature of the initial conditions of primordial fluctuations 2-5 times better than Planck by providing nearly 
cosmic variance limited upper bounds on the allowed isocurvature fraction up to l=3000. As a figure of 
merit for primordial non-Gaussianities, the direct bispectrum measurements by CORE will shrink the 
allowed fNL volume in the three-dimensional Local-Equilateral-Orthogonal (LEO) shape-function space by 
a factor of approximately 20 with respect to the current Planck results. 
We have throughly demonstrated how the telescope size is important for improving the knowledge on the 
statistics and initial conditions for primordial fluctuations. LiteBIRD alone does not bring significant 
improvement to the running of the spectral index and to the constraints on isocurvature perturbations with 
respect to Planck; it can bring some limited improvement for the LEO bispectrum shapes due to the much 
better measurement of polarization, in particular on large angular scales. 
Concerning B-mode polarization, a first comparison of the different configurations has been done by 
assuming that the lower and higher frequency channels are sufficient to remove completely the foreground 
residuals of the central cosmological channels. Whereas this is probably a good approximation for E-
mode polarization, it is an optimistic assumption for primordial B-mode for all the configurations 
considered. Since all the different concepts considered target the white noise part of the B-mode signal 
from lensing, all the configurations lead to very similar uncertainties for the tensor-to-scalar r, in the 
ballpark of 4⋅10-4, when considering detector sensitivities only. The various concepts of the CMB space 
mission considered are however different in the capability of partially removing the B-mode lensing signal, 
i.e. internal delensing. In this case, the angular resolution is important and a CORE-like experiment can 
indeed reach a sensitivity to r which is roughly half of the one obtainable by LiteBIRD, always in absence 
of foreground residuals. 

Effects of observer peculiar motion: science outcome and cosmological tests 
We carried out a detailed and original study (Burigana et al. 2017) of the effects of our peculiar motion 
with respect to the CMB rest frame and of the possibility of using it to extract valuable cosmological 
information from anisotropy missions. The analysis have been performed considering different 
specifications and has been focussed on three specific topics. 
Analysis of possible improvements on dipole determination at each frequency, carried out in real space, 
since sky masking is typically essential in these types of analyses; the main conclusion is that sky sampling 
quality is critical not only for dipole direction estimation but also for dipole amplitude estimation, an aspect 
crucial in particular for the analysis of the dipole frequency dependence. 
Extension of boosting effects to polarization and cross-correlations to get a more robust determination of 
purely velocity-driven effects that are not degenerate with the intrinsic CMB dipole; we found that an 
experiment like CORE can measure this signal independently in temperature and polarization, which 
constitutes a new consistency check, with a signal-to-noise ratio of about 8 for TT, 7 for TE + ET and 7 
for EE. Overall, CORE can achieve a signal-to-noise ratio of almost 13, which improves on the capabilities 
of Planck (about S/N ≃ 4, only in TT) and is essentially that of an ideal cosmic-variance-limited experiment 
up to l ≃ 2000. Note the importance of performing high-sensitivity measurements at close to arcmin 
resolution.  
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             Analysis of the frequency dependence of dipole spectrum to extract information on CMB spectral 
distortions and on CIB spectrum. Note that absolute and differential approaches can be obviously 
combined together to provide the most reliable results. We expect that the main limitation to CMB spectral 
distortion parameters and CIB amplitude do not come from sensitivity (with the obvious caveat that better 
sensitivity could help, at least in part, the achievement of good systematic mitigation during data analysis) 
but from foreground residuals and calibration uncertainty, parametrized in this study by two global 
parameters Ecal and Efor. We performed dedicated simulations assuming the CORE frequency coverage 
and sensitivity to forecast the potential improvement with respect to FIRAS (see Table 1). 

 

Extragalactic Sources 
We have investigated the potential of a new generation CMB mission like CORE for studies of 
extragalactic sources. A direct consequence of the extreme sensitivity of modern space-borne CMB 
missions is that their surveys of extragalactic sources are confusion limited. This was already the case for 
the Planck-HFI which however reached the diffraction limit only up to 217 GHz. Since the confusion limit 
scales roughly as the beam solid angle, i.e. as the square of the full width at half maximum (FWHM), an 
instrument like CORE, diffraction limited up to the highest frequencies, will substantially improve over 
Planck-HFI, even in the case of a somewhat smaller telescope. For example, at 545 GHz (550 µm) the 
Planck beam has an effective FWHM=4.83', while the diffraction limit for its 1.5-m telescope is 1.5'. 
Correspondingly, the estimated CORE 4σ completeness limits are of 141 and 82.5 mJy for 1m and 1.5m 
telescopes, to be compared with the 90% completeness limit of 555 mJy of the second Planck Catalogue 
of Compact Sources (PCCS2) in the “extragalactic zone” (|b|> 30°).   The advantage is further boosted in 
terms of the number of detected sources by the steepness of the source counts at mm/sub-mm 
wavelengths.  
Planck has already vividly demonstrated the power of all-sky surveys at these wavelengths in detecting 
rare sources with extreme properties. In particular, Planck detected several of the most extreme, strongly-
lensed, high-z galaxies, with estimated gravitational amplifications, µ, of up to 50; CORE will detect 
thousands of strongly lensed galaxies.  In addition CORE will provide unbiased, flux limited samples of 
dense proto-cluster cores of star-forming galaxies and will detect thousands of sources in polarization, 

Table 1: Predicted improvement in the recovery of the distortion parameters discussed in the text with respect to FIRAS for 
different calibration and foreground residual assumptions. “P06” stands for the Planck common mask, while “P06ext” is the 
extended P06 mask. When not explicitly stated, all values refer to Ecal and Efor at Nside = 64. 
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including large samples of star-forming galaxies whose global polarization properties are essentially 
unknown.  

Perspectives for a CMB spectrum oriented mission  
A CORE-like mission has been recognized as the most promising project to analyse CMB anisotropy in 
temperature and, particularly, in polarization in the view of the maximum outcome for B-mode, inflation 
and parameters. On the other hand, the budget quoted by ESA for CORE exceeds that of a medium-size 
mission, requiring substantial parternships, likely also for next calls, or a large-size mission. Similar 
projects (leaded by e.g. S. Hanany) are on-going in the context of NASA mission studies, while a less 
ambitiuos mission like LiteBIRD is approaching the end of JAXA phase-A. 
As anticipated in Sect. 2, a spectrum oriented mission can fill a crucial gap in CMB cosmology. Such a 
mission does not require extreme sensitivity, nor polarization, but a clear improvement in absolute 
calibration or, at least, in frequency relative cross-calibration for differential approaches (see Sect. 3.3). 
Note that the Comptonization-like signal expected by cosmological reionization in realistic astrophysical 
scenarios does not require a NASA PIXIE-like sensitivity, but only an improvement of a factor 10-50 with 
respect to FIRAS, that would be able to set also stronger contraints (or, possibly, to detect) early-type 
distortions. Various types of astrophysical and physical processes can be studied through spectral 
distortions. Absolute and differential methods could be jointly adopted. Long wavelengths are important 
for both early (Bose-Einstein like) and late (free-free) distortions: sinergies with ground-based and radio 
(e.g. SKA) projects are crucial in this spectral domain, and, in general, for a better understanding of 
foreground signals.    
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WP4-6X2: HW/SW infrastructure for 
future CMB experiments 

WP Manager: Andrea Zacchei (INAF-OATS) 

RATIONALE OF THE PROJECT 
Provide to the whole Italian CMB community a software infrastructures 
Assure the availability of the software infrastructure 
Allow to the whole Italian CMB community the access to the Planck data to be used as cross check 
Provide support to the LSPE data analysis 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
Requirement definition (verify what is required by different WPs): T0+6months 
Environment set-up: T0+8 months 
Dedicated storage acquisition: T0+6 months 
Code development / integration / run: T0+6 months (start of the activity) 
Code development / integration / run: T0+36 months (end of the activity) 
Simulation runs respect the requirements: T0+12 months (first Run), then one run every 6 month (linked 
to code development) 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
Supporting of LSPE is ongoing, realization of instrument web interface is in development by LSPE 
software contract using COSMOS CMB infrastructure. SSD (Software Design Document) will be issued 
in draft form before the end of June. We expect to have the first realization of the entire interface during 
the summer to be then connected to the necessary algorithm for scientific analysis. 
Collection of the requirements needed by the COSMOS CMB community is ongoing for what regards 
simulation and data analysis. Based on Planck experience a cluster composed by 400 Cores, 16 GB/core 
connected with Infiniband at 40 Gbps is in realization and will be made available, upon request, in 
September 2017. This will constitute the main computation queue, an addition queue for test and 
development, inherited from the Planck project, composed by 240 cores, Infiniband 40 Gbps and 6 
GB/core RAM is in installation (we are moving from previous location) and will be made available, upon 
request, during the summer.  
We are still working inside the Planck project for the products delivery, this is delaying the cleaning of the 
Planck dedicated storage that will be used as facilities for the COSMOS project. We expect to conclude 
the Planck activity during August/ September 2017, allowing us to clean and made available about 200 
TB of free space and the planck data starting from timelines to Maps. 
The definition of the profile, bando, to hire a code developer specialist is ongoing, we expect to issue the 
request during this summer and be able to have him working on the project at full time in autumn. 

PEOPLE INVOLVED 
A. Zacchei (WP responsible)  
M. Frailis (Infrastructure) 
S. Galeotta (Code development) 
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M. Maris (science interface) 
GianMarco Maggio (System Manager) 
TD (to be hired) (Code development/ integration) 
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WP5-6X1: RF testing for future CMB 
experiments 

WP Manager: Mario Zannoni (Physics Dept., University of Milano-Bicocca) 

RATIONALE OF THE PROJECT 
The leading role of the community, besides its contribution to the theoretical and interpretative framework, 
is also measured by its capability of providing state of the art hardware or designing innovative 
instrumental architectures.  
In Italy we have a long heritage of R&D in passive components for CMB studies (telescopes, feed horns, 
OMTs, phase discriminators, calibrators) and a more recent effort on active components (LNAs, 
bolometers, related electronics).   
For all these items, test and characterization for both development and delivery phases are crucial steps 
on the path to the assembly of the final instrument. Due to the stringent specifications, verifications are 
often as tough as the design and fabrication because of the necessity to cope with systematic effects that 
can be of the same order of magnitude of the quantities to be characterized. 
Scope of this WP is a survey of the existing expertise and test facility available in the Italian CMB 
community in order to trace an ideal supply chain starting from the design of an item, sub-assembly or 
sub-system, its prototyping and/or manufacturing and verification- characterization.  
In the last years, thanks to ASI and MIUR funding, top level infrastructures dedicated to specific projects 
have been realized, constituting a precious background of people and instrumentation which risks to be 
under-assigned if not neglected. 
The main deliverable of this survey will be a full description of the test resources (hardware, software and 
know-how) in the different sites (Universities, INAF, INFN, CNR) and a prescription of what and how the 
facilities will need to be upgraded so that to remain effective and competitive in the following 3 years. 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
A preliminary list of sites with expertise on CMB instrumentation R&D, but also selected groups potentially 
interested in providing hardware for future orbital, sub-orbital or ground based programs is provided. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
We have contacted historical teams and sites, part of which are nodes of the COSMOS Program, but also 
groups and facilities totally or partially new to the field. 
The leading idea is to map R&D expertise in passive and active components as well as back-end 
electronics. We received expressions of interest from groups historically engaged in high energy physics 
with strong background in readout electronics also for space experiments. This can be a very precious 
contribution in case of a space mission. 
This survey is presented dividing the sites into two groups, according to the fact that their “historical core 
business” is the CMB observation or not. For each site a short note on the relevant current and past 
activities, not necessarily CMB related, are presented, together with a list of staff members, lab facilities 
and possible contributions to future activities. 
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“Historical” Sites 
These sites are active in CMB research since decades, and the topic covered are CMB spectrum (Italy-
USA collaboration, TRIS), CMB anisotropies (ARGO, MITO, Maxima, Boomerang, Planck), CMB 
polarization (Boomerang, Planck, Brain, MiPol, SPOrt, BaR-SPOrt, LSPE, QUBIC). 

La Sapienza – Responsible Prof. Paolo de Bernardis 
The Observational Cosmology Laboratory (G31) at the Physics  Department  of  the  Sapienza University 
of Rome produces and tests instrumentation for observations of the sky at submillimeter and millimeter 
wavelengths. The group was involved, since 1980, in many experiments from different observational sites: 
ground-based, balloon borne and satellite. In this laboratory has been developed and actually built 
hardware for the MITO observatory on the Alps, the BRAIN experiment in Antarctica, the BOOMERanG 
stratospheric balloon and the High Frequency Instrument aboard of the Planck satellite of ESA. Current 
projects include LSPE and QUBIC.  
The laboratory is equipped with facilities for:  
developing and assembling radiation filters and new technology detectors, like KIDs, specifically for mm-
bands;  
testing and developing readout low noise electronics;  
cryogenic systems  for ensuring low temperatures (< 300 mK) for detectors  and  optical  systems;   
calibrating photometers, polarimeters and spectrometers in the sub/mm spectral range;  
data analysis support (workstations, storage space with backup, small clusters and access to large 
supercomputers).  
Laboratory personnel contributed very significantly to the development of the analysis pipeline of the 
BOOMERanG experiment, one of the first large datasets for CMB anisotropy, and of the B2K experiment, 
one of the first large datasets for CMB polarization. These pipelines were improved further for the analysis 
of the data from Planck-HFI. The analysis pipelines for LSPE and QUBIC will inherit quite directly these 
developments, and in particular the treatment of systematic effects, developed in the G31 group. 

University of Milano – Responsible Prof. Marco Bersanelli 
The laboratory has contributed to the design, development and/or testing of components for several 
projects. The main are 7x7 feed horn arrays at 43 GHz for LSPE/STRIP, 12 feeds and OMTs at 43 GHz 
for SRT, 8x8 and 20x20 multifrequency feedhorn arrays at 150 and 220 GHz for QUBIC 
Current ongoing activities include: 
Design, manufacturing and testing of  

o a KID-coupled array of corrugated feed-horns composed of 37 elements [ASI project KIDS] 
o a 150 GHz OMT to be coupled to a KID detector array [ASI project KIDS] 

Manufacturing and testing of 95 GHz feed horns for LSPE-STRIP [ASI project LSPE] 
The RF laboratory is equipped with the following hardware and software: 
Two full anechoic chambers (122x122x305 cm and 400x330x840 cm) one with a dual reflector compact 
range (installation in progress) equipped with VNA Anritsu Vectorstar MS4647B (Frequency range: 0.01 
÷ 70 GHz), SNA HP8757D (Frequency range: 0.01 ÷ 50 GHz) and Agilent and Anritsu power meters 
Stanford Research 530 lock-in amplifier 
Werth ScopeCheck 200 metrology instrument with touch-trigger probe 
Software tools commonly used are Orange – SRSR-D, Ticra GRASP 10.2, COMSOL multiphysics 

 
 
 
University of Milano Bicocca – Responsible Dr. Mario Zannoni 
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The Radio Group of the University of Milano Bicocca is active since ‘80s in the CMB field building 
instrumentation for spectral and polarization measurements (White Mountain, South Pole, TRIS, MiPol, 
LSPE and QUBIC experiments). The expertise covers full radiometer design (passive and active 
components), cryogenics down to 0.3K, analogue and digital readout electronics.  
The laboratories of the Radio Group are equipped with millimetric, cryogenics and electronics 
instrumentations:  
Spectrum/Signal Analyzer (from 100 μHz up to 325 GHz), VNA up to 170 GHz, power meters up to 325 
GHz, optical benches for free space propagation measurements. 
Two totally oil-free cryo facilities operated by GM and PT coolers down to 3K for cryogenic S parameters 
characterizations. 
Olympus stereo microscope for micromechanics/electronics inspection in laminar flux hood class 100 
3D gauge for shape verifications 
Electronics Lab for prototype development. 
Data acquisition, analysis and simulations are performed with dedicated workstations on LabView, 
ADS/MOMENTUM, Comsol Multiphysics, GRASP, SolidEdge, IDL. 
The Physics Department and INFN machine shop is able to realize millimeter optics, RF vacuum 
feedthroughs, custom components designed by the Radio Group. 
Currently the Radio Group main activities are LSPE/STRIP (readout electronics, polarimeters’ 
characterization, data analysis), QUBIC (complete RF switches, feed horns tests, data analysis), readout 
electronics for ASI KIDS for SPACE. 

INAF-IASF Bologna – Responsible Dott. Fabrizio Villa 
The expertise of the group (known as “Cryowaves”) derives from space-borne and ground-based 
instrumentation development and span several scientific and technical areas. It comprises expertise on 
antenna design and simulations, antenna development, thermal engineering, system engineering and AIV 
management, configuration management, testing and verification, qualification of flight hardware, data 
analysis. These unique mix of skills, competences and earned experiences, make our group (4 permanent 
staff and 3 temporary staff) able to approach all the phases of a large project (space-born and ground-
based), from the conceptual design phase to the commissioning and observations. 
Cryogenic hardware:  
The ‘coffin’, a cryofacility (1m x 2m x 1m) with configurable thermal interfaces to cooling instrumentation 
down to 4 K. These dimensions make this facility useful to test and calibrate big hardware as well as 
integrated instruments. The cryofacility is equipped by a Dry scroll vacuum pump, Turbo pump, Sumitomo 
Cold head Model RDK-415D (4K), Leybold cold head RGD5/100 (20K) 
The ‘blue barrel’. It is a small cryofacility to test components such as passive components at cryogenic 
temperature, or to measure thermal properties of materials. The facility permits to cool down the device 
under test down to 4K. 
RF Instrumentation:  
Scalar Network Analyser 10 MHz - 100 GHz Agilent tech. 8757 D including a complete set of measurement 
system in Ka-, Q-, V-, and W-band (The procurement of a VNA up to 70 GHz is under study)  
Wideband Peak Power meter. Anritsu ML2487 A (up to 50 GHz)   
BIAS Supply and data Acquisition. NI PXI System with 2 units NI PXIE-4140 4-CHANNEL SMU to provide 
8-channel supply for LNAs biases. NI PXIe-6361, X Series DAQ (16 AI, 24 DIO, 2 AO) providing 16 analog 
input channels and 24 Input/Output channels. 
Software facilities:  GRASP; SRSR-D; Ansys HFSS suite; ESATAN TMS. National Instrument Labview.  

New Sites 
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Part of these sites weren’t directly engaged in past CMB measurements, but acted as providers of crucial 
pieces of hardware. The rest are either groups active in CMB detectors R&D or even totally out of the 
business but with a strong background in rad-hard and space qualified electronics. 

University of Genova and INFN – Responsible Prof. Flavio Gatti 
The Low Temperature Detector group has expertise in design, simulation, fabrication and characterization  
of  microcalorimeters and bolometers made with TES and semiconducting sensors. It has also expertise 
for making experiment and measurement with large amount of acquired data and analysis.  
The Lab has a small clean room for microlithography and micro-fabrication of the detectors. It is a class 
1000 clean room that is equipped with Süss mask aligners and spinner/coaters, a PlasmaLab 100 OxInst 
with DRIE/ICP process upgrade for etching Si, SiO2, Si3N4 and other materials, an Optical profilometer 
Shaefer SMART and an ESCA-XPS Physical Electronics system for precise surface elemental analysis. 
A wire bonders for Au, Al, Cu and Nb fine wires is available. 
For thin film production (TES sensors) various sputtering/evaporation systems are available for Nb and 
Ti; a ion Gun Omicron 5KV is used for surface cleaning; finally a pulsed Laser Deposition system for Ir, 
W, Re evaporation with 10 ns, 0.5J NdYAG Spectra Physics complete the thin film facility. The systems 
are interconnected, allowing multi-process of the sample without vacuum breaking.   
The LTD Lab has 3 sub-Kelvin dilution coolers from OxInst cooled with LHe, several 1K LHe cryostats 
and a pulse-tube cooler; two of these fridges are equipped with commercial SQUIDs electronics for the 
TES sensors reading; the detector signals are acquired with a Fast Digitizing System in PXI standard. 
Four-probe resistance for TES characterization can be performed with resistance bridges:  3 Picowatt 
AVS-47 with eight channels  and 1 Linear Research resistance Bridge with eight channels, all of them 
coupled to the data acquisition system.  
LNA and Signal Spectral Analyzer HP for low frequencies ( 0.001-100kHz) and high frequencies (up to 45 
GHz) 
Design and simulation tools includes RF, Thermal and Mechanical simulator based on HFFS, COMSOL 
multi physics and MatLab. 

MECSA and University of Roma Tor Vergata – Responsible Prof. Ernesto Limiti 
MECSA (Microwave Engineering Center for Space Applications) is formally a “Inter-Universitary Research 
Center”, with purely Public nature. In practice, it is a large specialized and distributed Research Center, 
focused on Microwave Theory and Techniques. MECSA activities of interest for CMB community can be 
grouped in the macro-area of Microwave Electronics (devices, circuits and subsystems). Device 
characterisation and modelling of linearity, non-linearity and noise up to 110GHz (and above). Circuit and 
subsystem design of Amplifiers (PAs, LNAs, VGAs, DPAs ..), Mixers (resistive, passive, active ...), 
frequency multipliers, multifunction (Core chips, T/R chips, Integrated Receivers ...) adopting state-of the 
art design methodologies. Long-track experience in Hybrid and MMIC design with many foundries (SLX, 
UMS, OMMIC, WIN, NGS, TRW, Triquint, Raytheon, ...).  
Subsystems verification and testing benefit of laboratories equipped with: 
2 Vector Network Analysers (up to 110 GHz)  
2 Spectrum Analyser (up to 50GHz)  
Noise Measurement System (up to 26.5 GHz, with proprietary extension to 40 GHz)  
Digital Sampling Oscilloscope (up to 50 GHz)  
I-V Pulsed Measurement System(GaAsCode)  
Probe Stations (Cascade Microtech RF-1 and proprietary semi- authomated one, equipped with anti-
vibrating tables)  
Cryogenic Probe Station (down to 20K, proprietary)  
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ASI, ESA, EC (FP6, FP7) are the main funding agenicies of MECSA and a collaboration with the French 
foundry OMMIC let to the realization of the first European commercial MMIC LNAs with performances of 
interest for the radioastronomical community. 

INAF-IRA (Bologna, Arcetri, Noto, Cagliari) – Responsible Dr. Eng. Alessandro Orfei 
The INAF-IRA is responsible for the development and maintenance of the Italian radio-astronomical 
facilities (Medicina, Noto antennas and the SRT). Historical expertise derives from the teams located in 
Bologna (Medicina) and Firenze (Arcetri). In the last years a skilled and equipped group grew also in 
Cagliari to serve the new Saridina Radio Telescope. The relevant activities are concentrated in receivers 
design and realization from hundreds of MHz to 100 GHz. Typical design capabilities are on passive 
components (feed horns, OMTs), active front-end and back-ends (LNAs, mixers, LO, IF). Standard 
cryogenic techniques (cryo-cooling) are commonly used in the Low Noise front-ends of the radio telescope 
receivers and this has become a part of the expertise of the group. Data acquisition and digital signal 
processing are common task of the IRA personnel. International collaborations are historically based on 
VLBI observations and recently on SKA. 
The most relevant instrumental resources are: 
Scalar and Vector Network Analyzers (10 MHz to 120 GHz) are available in almost all the sites. 
Additional measurement capabilities are Noise, 1/f instabilities, compression point.  
In Medicina the VNA can be connected to a cryostat (size 40 x 40 x 24 cm) allowing the measurement of 
devices at cryogenic temperature (20K). 
The electronic lab in Bologna is equipped in particular with pick and place and ultrasonic wedge bonder. 
In Arcetri an anechoic chamber, size of 4.5 x 3 x 3 (height) m, is available for characterization of antenna 
system starting from 2 GHz. 

IEIIT-CNR Torino – Responsible Dr. Eng. Oscar Peverini 
The research field of the Applied Electromagnetics and Electronic Devices unit (AE&ED) mainly deals 
with the development of microwave, millimetre-wave, optical and electronic systems. In the microwave 
and millimetre-wave range, significant effort is devoted to the simulation, design, manufacturing, and 
measurement/calibration of novel components and systems for satellite communication payloads, and 
scientific instrumentation for radio-astronomy and astrophysics (SPOrt, SRT, LSPE/STRIP). In this 
context, specific topics deals with the development of: 
Simulation codes based on integral-differential formulations, spectral methods, and model-order-reduction 
techniques. 
Direct synthesis techniques for RF design. 
Novel layouts of radio-frequency devices exploiting advanced manufacturing technologies. 
Vector-network-analyzer measurement procedures. 
RF characterization of components and materials. 
Characterization and calibration of polarimetric receivers both indoor and outdoor (via a drone system 
equipped with RF sources). 
The Applied Electromagnetics & Electronic Devices unit carries out the experimental research activities 
in the IEIIT-CNR microwave laboratory equipped up to 110 GHz (HP8510 and Agilent VNAs), and in the 
following facilities managed by the Electronic and Telecommunication Department of Politecnico di Torino: 
a 5m x 5m x 4m size anechoic-shielded chamber operating above 700 MHz with a spherical near-field 
antenna test range at frequencies 700MHz-40GHz and a 3-axis positioner for far-field and spherical near-
field antenna measurements. 
a 2m x 4m x 2m size anechoic-shielded chamber operating from 1200 MHz up to 90 GHz,  with a 3-axis 
positioner for measurement of gain, far field patterns and antenna matching parameters. 
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an outdoor far field system  with 4 positioner, AZ over EL + roll axis for antenna under test and a source 
antenna rotator. The system operates with the Antenna Under Test (AUT) in reception, with an elevated 
range of 150m, mounted at 30m above the ground. 

IFN-CNR Roma – Responsible Dr. Gabriella Castellano 
The IFN-CNR has the mission of studying and developing advanced devices for photonics, 
optoelectronics and electronics. The Rome branch has a long-standing experience and reputation in the 
field of micro and nanoelectronic devices and structures, from design to fabrication.   Collaborations  are  
active  both  with  academic  partners  (universities,  other  public  research  bodies  such  as INAF, ASI, 
INFN) and with industries, from the big ones  (Leonardo Company, Thales Alenia Space-Italy, CGS) to 
SMEs.  
During the years, IFN-Rome has been active in the development of several types of radiation and single 
photon detectors based on superconducting materials and/or Josephson devices: bolometers, SNSPDs 
(Superconducting nanowire single-photon detector), KIDs (Kinetic Inductance Detectors). All of them have 
been fabricated in the micro-nanofabrication facility located at IFN-Rome,  featuring a 250 sqm clean room 
(class ISO 5- ISO 6) and  hosting equipment for thin film technology,  namely  for  film  deposition  (e-gun  
and  thermal  evaporation,  sputtering,  PECVD,  ECR),  film etching  (fluorine  and  chlorine-based  RIE,  
deep  RIE  with  ICP,  ion  milling),  patterning  with  e-beam lithography  (100  keV),  photolithography  
and  nanoimprinting,  diagnostics  (AFM,  SEM). Relevant experimental facilities include:  
Electron Beam Lithography (100 keV, VISTEC EBGP5)  
Contact and double-side mask-aligners (Karl Suss, Evatec)   
Several sputtering systems with and without magnetron, rf or dc, also for reactive sputtering of NbN 
(achieved) and TiN (under development)  
2 deposition systems equipped with e-gun, one of them equipped for tilted evaporation (Balzers)   
RIE (reactive ion etching, Plasma Technology) for fluorine and chlorine gases  
SEM (Zeiss);   
AFM (Digital) for diagnostics and nanolithography  
ECR system for deposition of dielectric materials, amorphous and policrystalline silicon  
In the cryogenic lab of the Institute, facilities are also available for a first test of the devices, in particular 
a 3He refrigerator operating at 300 mK.  
As regards CMB studies, IFN-Rome is involved in the fabrication of arrays of KID sensors, preferably onto 
silicon wafer of 3-4 inches diameter.  
Previous experience on this kind of detectors concerned phonon-mediated operation regime for the 
CALDER experiment  Afterwards, IFN-Rome  has developed KID arrays also  for astrophysical 
observations in the mm and sub-mm range (“KIDS- Kinetic Inductance Detectors for Space” and the KID 
arrays at 150, 202, 350, 480 GHz for the balloon-borne mission Olimpo.  

INFN-Pisa – Responsible Dr. Giovanni Signorelli 
The INFN group at Pisa led By Dr. Signorelli has experience in Detector calibration for high energy physics 
(PMTs, SiPM, MPPC, TES) at cryogenic temperatures (300mK to 170 K) by means of radioactive sources, 
laser light, x-rays, LEDs, for the CHOOZ, MEG, MEGII and LSPE experiment. Detector development and 
test (wire chambers, drift chambers, silicon strip detectors) is also part of the historical expertise. Readout 
and trigger electronics, low noise electronics, cold and ultracold (superconducting) electronics are also 
partgroup. of the R&D activity of the Pisa  
Recently the group joined the LSPE collaboration to provide the readout electronics for TES detectors for 
the SWIPE instrument 
At INFN Pisa there is a cryogenic laboratory with: 
two wet cryostat for calibration and measurements at liquid nitrogen temperatures in UHV. 
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one dry cryostat for calibration and measurements down to 20 K (one-stage GM power 5 W at 30K) 
one dry cryostat for calibration and measurement down to 300mK (two stage pulse tube - 1 W at 4K,  20 
uW at 300 mK) 
Furthermore there is a calibration lab with a x-ray source for detector irradiation (40 kVolt, Chromium 
cathode) 

ELETTRA-Trieste – Responsible Dr. Giuseppe Cautero 
ELETTRA is a private foundation partially funded by Italian Ministry for Research. The mission is to provide 
synchrotron light from THz to 30 keV for pure and applied research. ELETTRA has its own electronic lab 
at the service of the experimental beam lines, but recently started also a semi-industrial activity devoted 
to the design, fabrication and sale of electronic devices typical of high energy physics. The electronic 
group has a deep expertise in design and fabrication of analogue and digital readout electronics fit for rad-
hard environment. For this reason they candidate to be a reference provider of back-end analogue and 
digital electronics for space or suborbital missions. Of relevant interest is also the mechanical workshop 
where ultra high vacuum components are designed and manufactured. 
The electronic lab is able to design (Altium designer) and realize prototypes (LPKF) of analogue and digital 
electronics (from DC to RF). FPGA programming in Xilinx and Altera environment. LabView software is 
the standard resource for instrument control, programming and acquisition. 

Fondazione Bruno Kessler - Trento – Responsible Dr. Benno Margesin 
Fondazione Bruno Kessler is a private foundation of public interest active in technological development 
and human science. One of its centers is the Centre for Materials and Microsystems (CMM): an applied 
research centre that operates in the following areas of science and technology: materials and interfaces, 
devices and microsystems, integrated systems. The MicroSystems Technology (MST) Research Unit is 
oriented to the design and fabrication of microsystems, microdevices and sensors. The main activities are 
concentrated on one side on biomedical, environmental and agrofood applications and on the other side 
on MEMS devices development for radiofrequency transmission and control. The MEMS group has a long 
lasting experience in process development and microstructure design also in the field of microbolometers 
for basic science applications. The main research activity performed in this context in the last years was 
the development of Kinetic Inductance Detectors (KIDs). In developing KIDs FBK can be competitive by 
providing a technological approach that is more manufacturing oriented but at the same time keeps 
enough flexibility to accommodate the needs of the specific applications. With respect to more research 
oriented institutions FBK can provide a better technology control. In addition they have capabilities in 
cryogenic characterization which are useful in the development phase as they allow to perform the more 
technology oriented characterizations and provide the final user with already selected and measured 
samples. 
Specific applications have been developed in collaboration with INFN, the University of Rome Sapienza 
and the University of Milano Bicocca. 

PEOPLE INVOLVED  
Mario Zannoni, Massimo Gervasi (UniMiB) 
Aniello Mennella, Cristian Franceschet (UniMi) 
Fabrizio Villa, Gianluca Morgante, Luca Terenzi, Francesco Cuttaia (INAF-IASFBO) 
Silvia Masi, Elia Battistelli, Marco de Petris (La Sapienza) 
Giovanni Signorelli, Franco Spinella (INFN-PI)  
Flavio Gatti (UniGe) 
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WP5-6X2: CMB calibration and SRT 
WP Manager: Massimo Gervasi (Physics Dept., University of Milano-Bicocca) 

RATIONALE OF THE PROJECT 
The aims of the project are: 1) a detailed survey of sky calibration sources for CMB polarization 
experiments, procedures and strategy of observation with CMB experiments and with SRT;  2) a study of 
the accuracy achievable in the calibration of CMB polarization signals using sky sources, through the 
observation of few representative sky sources with SRT. 
Among the main goals of the project, there are: 
A recommendation of the procedures and strategies to observe sky calibration sources by CMB 
polarization experiments and by SRT for supporting them; 
A list of the most representative sky sources to be used as calibration signal in CMB experiments and 
their most relevant features;  
An estimation of the accuracy achievable in the calibration of the CMB signal using sky sources. 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
The main target after six months was the definition of preliminary procedures and strategies to observe 
and characterize sky calibration sources. In particular, the definition of the systems available at SRT and 
the most suitable configuration for observing polarized calibration targets.  

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 

Definition of the capabilities of SRT and its exploitation for calibration source 
observations 
SRT offers the capability to observe sky sources with a resolution of ~ arcmin up to relatively high 
frequency bands.  
Atmospheric opacity limits the observation at highest frequency bands (~100 GHz) to the winter season 
(from January to April), but there is no limitation for lower frequencies.  
Among the receivers installed at SRT, the most suitable for observations of polarized sources is the K-
band (18.0-26.5 GHz). It is a multi-feed receiver operated at the Gregorian focus. It is the highest 
frequency large-bandwidth receiver already available. In the future more receivers will be installed, among 
them the Q-band (33-50 GHz) and W-band (84-116 GHz) can be used.  
Two back-ends could be selected for the observations: a total power with a bandwidth up to 2 GHz; a 
spectro-polarimetric system with 1024 channels and a bandwidth up to 2.3 GHz.  
Observations of polarized calibration targets can be scheduled starting from 2019, when operations at 
SRT are expected to resume after the planned shutdown and commissioning phases.  
A survey of point-like sources was carried on during the Early Science Program, from February to August 
2016. The possibility to use a small fraction of these data, identifying some possible polarized calibration 
sources, is currently under investigation.  
A complete survey of the northern sky is planned to start as soon as SRT operations will resume. Also 
This survey, could be used for the purpose of this WP. The feasibility of that will be investigated. 
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In the following sections a description of the telescope and its main features are reported. For more 
details see: M. Beltran, et al. (National Institute for Astrophysics); “Receivers for Radio Astronomy: 
current status and future developments at the Italian radio telescopes”; Revision v5.3; 2017.  

Sardinia Radio Telescope: main features 
Optical configuration 
Primary Mirror Dish (D): 64 m shaped profile with an active surface (1008 panels and 1116 actuators). 
Secondary Mirror Dish (d): 7.9 m (concave – shaped profile). 
Tertiary Mirror Dishes (ellipsoid): M3 (size: 3.9 – 3.7 m), M4 (3.1 – 2.9 m) and M5 (3.0 –2.8 m). 
Prime focus: Focal Length (F1) = 21.0234 m; Focal ratio (F1/D) = 0.33. 
Gregorian focus: Focal length (F2) = 149.87 m; Focal ratio (F2/D) = 2.34.  
Beam Wave Guide foci (F3 and F4): M3 + M4 Focal length (F3) = 83.91m; Focal ratio (F3/D) = 1.37; M3 
+ M5 Focal length (F4) = 179.87m; Focal ratio (F4/D) = 2.81. 

Total surface accuracy (RSS) 
305 μm. Antenna efficiency is quite constant vs. elevation, due to the primary mirror active surface system 
compensating for gravitational deformations. 
Aperture Efficiency (theoretical maximum, i. e. not including surface effects ≈ 60%) 
52% @ λ = 5 cm (measured); 
56% @ λ = 1.3 cm (measured); 
43% @ λ = 0.7 cm (expected with 305 micron). 

Pointing Accuracy 
On both axes, azimuth and elevation, 0.002 degrees RMS (7.2 arcsec). No calibration is required during 
standard antenna operations. 
Angular Resolution ≈ 32 arcsec (λ/1cm) 

Atmosphere opacity at SRT 
SRT is equipped with an atmosphere monitoring system (ASM) that provides all the fundamental 
atmospheric parameters required for observation and the calibration, such as Tsys, opacity, PWV, ILW, 
and brightness temperature. The ASM is based essentially on a historical data archive (radio soundings 
time series, 1950-2016), on real time measurements (microwave radiometer, GPS, weather gauges), and 
on forecast data (time span = 48 h). The goals of the ASM are: (i) to characterize the atmospheric site 
parameters; (ii) to give a support to observations in real-time; and (iii) to forecast the weather conditions. 

The results for K-band  
Precipitable water vapor during winter months ranges, on average, between 8 and 15 mm, respectively, 
for 25% and 75% of the percentile. The median opacity at 22.23 GHz is 0.10 Np in winter and 0.16 Np in 
summer.  

The results for high frequencies  
Observations at higher frequencies may be performed usefully during winter time; the median opacity at 
100 GHz is usually below or equal to 0.2 Np in the period that ranges from January to April.  
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Fig.1 Left: Monthly quartile plots for precipitable water vapour at the SRT site. Right: Monthly quartile plots for 22.23 GHz opacity at 
the SRT site. 

Receivers at SRT 
High frequency receivers are located in the secondary focus whereas low frequency in the primary focus. 
In table 1 the list of receivers already available, together with some measured feature, and under 
development.  
 
Table 1 – Receivers in operation (O) or under development (UD) at SRT.   

Receiver band  P L C-high K X Ka S C-low Q W 
νmin (GHz) 0.305 1.3 5.7 18.0 8.2 31.85 3 4.2 33 84 
νmax (GHz) 0.410 1.8 7.7 26.5 8.6 32.25 4.5 5.6 50 116 
Feed number 1 1 1 7 1 1 7 1 19 1 
Angular resolution 56.2’ 12.6’ 2.8’ 50”       
T-sys (K)   33 70-90       
Status O O O O O O UD UD UD UD 

Polarization properties  
Almost all receivers have dual circular polarization (LCP and RCP) outputs. This configuration is 
recommended for single-dish polarimetric observations. In fact, with respect to linear polarization ones, 
circular polarization receivers allow a more accurate determination of the Q and U Stokes parameters.  

Performance of the receiving system  
The theoretical sensitivity is defined as the 1-sigma RMS noise (Jy) detectable by the instrument back-
end with the nominal instantaneous bandwidth in 1 second of integration time.  
This parameter has to be taken as a lower limit to the actual sensitivity because of: (i) the presence of RFI 
reducing the available instantaneous bandwidth; (ii) receiver performances typically worse than theoretical 
ones; (iii) the confusion limit reducing the sensitivity actually reachable in a given frequency band. 
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Fig. 2 – System sensitivity for receivers in operation (left) and for receivers under development (right). 

Back-ends  
Total Power 
The total power detector is based on a voltage to frequency converter and a counter implemented in an 
FPGA chip. 
Features: continuum, selectable attenuator, four selectable IF filters, fast switching of calibration diode. 
Number of inputs Up to seven dual polarization or 14 single polarization; 
IF bandwidth 300 MHz, 730 MHz, 1250 MHz, 2000 MHz; 
Integration time 1-1000 ms; 
Remote interface Ethernet / TCP. 
This back-end has mild to severe issues in the presence of RFI.  

SARDARA 
The system is based on ROACH2 boards provided by the CASPER Consortium. The boards are equipped 
with Virtex6 FPGA chips. Boards are supplemented by two ADC that work with 8 bits at up to 5GS/s. 
Features: Full Stokes spectrometer, large bandwidth, high frequency and time resolution. 
Number of inputs 1 pair of IF signals, i.e. the output of a full polarization receiver; 
IF bandwidth 500-2300 MHz; 
Integration time Up to 0.5 ms; 
Spectral channels 1024 or 16384; 
Spectral resolution About 90 KHz; 
Remote interface Ethernet / TCP. 
The large bandwidth, the high time resolution, and the good spectral resolution make this backend a 
general-purpose device to be employed in many science cases: continuum; polarimetry; spectro-
polarimetry; and wide- as well as narrow-band and multi windows spectroscopy. Currently one Roach 
chain is implemented, allowing exploitation of only one full polarization feed (2 IFs). Back-end 
development to support at least 14 simultaneous IFs, each with a bandwidth of 2.1 GHz, is foreseen in 
the near future. This further implementation will allow the full exploitation of the multi-feed K-band receiver 
installed at the SRT.  

Status of SRT and observation plan 
The telescope is in its early stages of scientific use. The commissioning terminated in 2015 and a 6-month 
Early Science Program has been run from February to August 2016.  
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The telescope has now entered a shutdown phase that will last till the end of 2018 for two major works: 
migration of control room and equipment room to the new buildings; and repair of the active surface 
actuators. 

The operations of the Early Science Program were run from temporary control and equipment rooms 
and the final new buildings for regular operations were recently completed; they comprise offices, 
control room, and equipment/shielded room. The work to procure and set up all equipment to gear 
them up is in progress and the migration will take place during 2017. The second work consists in the 
repair of the active surface actuators that went through an unexpected and rapid corrosion 
phenomenon. The repair work is expected to end by September 2017. 

A commissioning period will follow, in order to test and calibrate the new surface as well as to test all the 
observation operations from the new control and equipment rooms. This commissioning activity is 
expected to last until the end of 2018.  
Full SRT operations are expected to resume in 2019. 
Observations of calibration sources can be scheduled after SRT is again in operation.  

PEOPLE INVOLVED 
Massimo Gervasi (WP manager) and Mario Zannoni (Università di Milano Bicocca); Maurizio Tomasi and 
Davide Maino (Università di Milano); Carlo Burigana and Sara Ricciardi (INAF-IASF Bologna); Francesco 
Piacentini and Elia Battistelli (Università Sapienza, Roma); Andrea Zacchei (INAF-OATS Trieste); Carlo 
Baccigalupi and Nicoletta Krachmalnicoff (SISSA Trieste); Marcella Massardi (INAF-IRA Bologna); Ettore 
Carretti (INAF-OAC Cagliari). 
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WP6-6X1: Strategic solutions for new 
CMB detectors 

WP Manager: Flavio Gatti (Physics Dept., University of Genoa) 

RATIONAL OF THE PROJECT 
This working package is an investigation on the detector technologies suitable for CMB measurements, 
with particular emphasis to the polarized components.  The investigation will start with an initial survey of 
the state of the art of low-noise sensors, focusing on principle of operation, performance, feasibility and 
scalability. Later we will explore in deep the readiness level and the feasibility of each of these 
technologies for a comparative review for possible mid and long term future applications. The main aim is 
the identification of affordable R&D pathways within the Italian context of expertise, facilities and 
resources.  The coordination of the existing national resources for achieving CMB detector design and 
fabrication capabilities with competitive performance in the international context should be a significant 
follow up of this work.  

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
In the first six months we expect to make a survey of the current technologies for mm, sub-mm detection 
commonly applied to CMB measurements. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 

The framework 
The current state of the CMB detector technologies is the result of a global optimization along the guideline 
of the science requirements. The search for CMB polarization signal will require a scale up in number of 
elements, frequency coverage, and bandwidth with respect to current instruments. Because it is searching 
for lower magnitude signals, it will also required a proper detector design for achieving higher sensitivities 
and better control of systematic uncertainties.  
The design of CMB detectors is strongly connected to two instrument’s subsystem: the focal plane and 
the readout electronics. The focal-plane feed determines the shape and polarization properties of the pixel 
beams The feed design also can determine the total bandwidth and number of photometric bands of each 
pixel which is important also for the efficient use of a telescope’s focal plane area. The readout electronics 
will set constraints on focal plane architecture, heat load due to presence of active component and 
harness, signal integrity due to losses and cross-talks. 
There are a number of successful approaches which have been or are being implemented by different 
experiments. This diversity of detector designs by these experiments is also related to the laboratory and 
experiment heritages and the telescope-instrument configurations. 
The main configurations we found are: (1) telescope with a receiver observing at a single frequency band 
with lenslet-coupled antennas or with corrugated horns (2) telescope with multiple receivers each 
observing at one frequency with corrugated horns (3) multiple telescopes each observing at single 
frequency with antenna-feeds or with a horn coupled antennas detectors (4) one telescope with multi-
chroic receiver with single color corrugated horns and a smooth wall profiled horn (5) one or more 
telescopes with multi-chroic receiver with multi-chroic lenslet-coupled detectors or with feed-horns. 
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Most of these experiments have developed a proper radio-frequency architecture of the detectors that is 
in most of the cases a multiple “antenna-coupled detectors” in pixelated array. There are two main 
detectors architectures: 1) the absorber-coupled detector that directly couples to the telescope using a 
simple adsorptive element, 2) the antenna-coupled detector that couple to the telescope with a planar 
antenna that converts the free space wave to a wave in a superconducting transmission line,  a filter that 
forms one or several frequency bands from the total bandwidth of the antenna.  

The current most common detector’s sensors 
TES 
TESs are made of metal films with thicknesses from several tens to few hundreds of nanometers, whose 
width and length are much larger than the coherence length of the material. Under these conditions, the 
transition from superconductor to normal state has a finite width that is modulated by several phenomena 
produced by the bias current flowing in the film, the current flow paths approaching the critical current 
density, the magnetic field induced by the current itself, the external fields, the thermal diffusivity of the 
film, and the substrate beneath the film itself that causes temperature gradients. Transition widths of few 
milli-Kelvin at about 0.1 K are the typical actual values that were found in most TES detectors. The 
transition temperature can be adjusted to the required one by means of the proximity effect, with layers of 
normal metals or introducing magnetic impurities in TES’s materials. Even if the first operation with TES 
dates back to 1941 by Andrews that operated a Ta wire at its Tc as bolometer for IR light, the exploitation 
of the full potentialities of TES was obtained only in the past decade thanks to the use of large bandwidth 
DC-SQUIDs (Superconducting Quantum Interference Devices) as noise-matched current amplifier.  
TESs are presently being applied to a wide range of detector types, like bolometers and micro-
calorimeters for cosmology, astrophysics, particle physics, and matter science. In these applications, TES 
are used following two main schemes of detection processes: the thermal and a-thermal phonon-mediated 
detection and direct and indirect electron-mediated detection. In the first way, the metal film electron gas 
is heated by diffusive/quasi-diffusive or ballistic phonons coming from the absorber, while in the second 
way, the TES electron gas is heated by other hot/warm electrons coming from a metal absorber or directly 
heated in situ by radiations.  

At sufficient low temperatures, the TES electron gas can thermally decouples from the phonon system. 
This condition is not the usual way at which TESs are operated, but only under certain conditions. 
Decoupling of electrons and phonons can be enhanced with a proper choice of materials and 
temperatures. Lowering the temperature down to 0.1 K and below, the thermal conductance Ge-ph from 
electrons to phonons in the thin film itself goes like T; hence, it becomes lower than the series Kapitza 
conductance between film and substrate (see Figure 1 and the following explanation). The operating 
power released by the bias current in the film sustains the steady configuration in which the electron gas 
temperature Te is higher than the one of phonons Tph. Tanks to the achievable low heat capacity Ce of the 
electron gas and conductance Ge-ph, it is possible to design TES bolometers with internal direct electron 
coupling and short decay times given by 𝜏 = Ce/Ge-ph in the 10 – 100 μs range.  

In TES bolometers, the voltage bias is preferred for its intrinsic dynamical stability; thus, here we consider 
only the power-to-current responsivity that typically is measured with a DC-SQUID galvanometer with a 
small impedance input coil. Indeed, under the approximation of a negligible input inductance, voltage bias,  
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and large open loop gain LG parameter:  
 

 

in which LG = PαI/GT, αI = (T⁄R)[dR⁄dT]I is the thermometric sensitivity at constant current and β = (I⁄R) 
[dR⁄dI]I is the current sensitivity at constant temperature.  

 

Figure 1: (left to right) An example of resistive transition from superconducting to normal conducting phase transition of the metal 
film in the picture. The thermal model of the TES: the biasing power P dissipated in the electron gas of the TES by the current I flows 
into phonons via the thermal conductance Ge-ph mediated by the electron–phonon interaction into the electrically insulating substrate 
via a Kapitza conductance Gk  at the interface metal film - substrate. The typical read-out chain of voltage biased TES and current 
readout by SQUID. This configuration allows the electro-thermal feedback that stabilize the operating conditions.  

TES detectors operated in strong negative electro-thermal feedback, where the product of the bias power 
P and the thermometric sensitivity at constant current 𝛼I is much greater than the product of the natural 
thermal conductance G and the operating temperature T, that is, LG ≫1, have a current noise equivalent 
to the input power:  
 

 

Where τeff = 𝜏(1 + 𝛽)/LG, 𝜏 = C/G. e parameter LG plays the role of loop gain of the electro-thermal system 
constituted by TES, its thermal conductance G and the bias circuit. Being the TES a thermistor with 
positive derivative dR/dT, a small increase of temperature causes a resistance rise and consequently a 
small drop of the bias current flowing in the TES. e amplitude of this current drop is dependent from the 
parameters P, αΙ, and 1/G; therefore, their product acts as loop gain LG. At high LG, the bias power drops 
down so quickly that compensate partially or almost fully the input power. Therefore, at very large loop 
gain LG, the TES detector dynamic response approaches the one of a constant temperature bolometer, in 
which the full output is proportional to the bias current needed to stabilize the TES temperature. NEP 
formula asserts that as large the electro/thermal feedback gain loop parameter LG, as small the intrinsic 
noise density of TES is. This increases the overall TES detector bandwidth, being τeff by itself proportional 
to 1/LG.  

KID 
The kinetic Inductance was a well know effect observed in superconducting wire made in form of thin 
films. In the superconducting state the full impedance is influenced by the surface impedance Zs=Rs+iωLs. 
An increase in quasi-particle density changes the surface impedance Zs of the film, both Ls  and Rs , due 
to the normal electron  greater “kinetic” impedance to the applied forces (electric field) and their resistive 
losses.  
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In 2003, at the 10th International Conference on Low Temperature Detectors, it was proposed to use this 
effect as alternative detector technology alternative to the others, being also intrinsically suitable for use 
in large array.  The Kinetic Inductance Detector is a high quality microwave resonator that change their 
inductance in response to incoming radiation. Unlike thermal bolometers, where incident optical power is 
converted into heat (phonons or hot electrons) and then transduced by a suitable thermistor into a 
measurable electrical signal, in a KID the incoming photons exceeding the gap energy result in Cooper 
pair breaking changing the carrier density. The effect of the surface inductance is to increase the total 
inductance L, while the effect of the surface resistance Rs is to make the inductor slightly lossy, adding a 
series resistance. This moves the resonance to lower frequency, due to Ls, and makes it broader and 
shallower, due to Rs. Both of these effects contribute to changing the amplitude and phase of a microwave 
probe signal transmitted though the resonator circuit.  

 

Figure 2: The unperturbed resonance profile (black line) and the same resonance under microwave irradiation (red line).  The 
resonance frequency shift Δf and the decrease of Q are caused by the increase of surface Ls and Rs . If the probe signal is at fixed 
frequency f0,  ΔA  and  ΔΦ can be measured . 

Typical reactance changes of the KID is obtained by embedding them in an high quality resonant circuit. 
The detector is electromagnetically coupled to readout line feed-line, which is driven by a probe signal at 
the resonance frequencies. The transmitted phases and amplitudes is monitored continuously. An RF 
power load induces deviations in the kinetic inductance, resulting in a shift of the resonant frequencies of 
the KID and then in a measurable signal. Residual resistivity losses are strongly suppressed in a 
superconductor so that very high quality factors can be achieved. This allow high multiplexing factor, 
making KID the suitable technology for next generation thousand-pixels cameras. In this case several 
resonators with KIDs are connected to the same feed-line and the probe signal is a frequency comb, each 
one is tuned to a single resonator. Another remarkable property of KID is the easiness of realization.  The 
typical devices is made with a thin film, tens of nanometers, of superconducting metal. The KID instrument 
architecture is very similar to RF strip-line circuits.  
When the KID is irradiated the resulting fractional change in the resonance frequency 
Δf/f0≃ΔLs/Ls≃αΔnqp/(N(EF)εgap), where α the fraction of the KID inductance sensitive to the Ls.  At 
temperature much lower than Tc, this gives small value of the order of 10-5-10-4. Therefore, high Q values 
resonators are required.  
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The responsivity in the lumped KID approximation in homodyne readout configuration is:  

 

where Q is the total quality factor of the KID in the circuit, Qint the KID intrinsic quality factor, Qext is the 
corresponding one of other components, Ls/L is the ration of the surface over the full inductance, Ns is the 
full number of Cooper pairs. The intrinsic NEP, neglecting the combination generation noise is calculated 
from the measured decay constant of the KID detector τ and the phase noise power spectrum NΦ(ω): 

 

HEB 
A HEB is a detector for sub-millimeter and far-IR radiation (0.3–10 THz). HEB can be used in two different 
modes: as coherent detector (heterodyne detector or mixer) and as incoherent detector (direct detector). 
Direct detectors only record the intensity of RF over a very broad range of wavelengths. Because the 
device only measures intensity information, it is not quantum limited. This means that a well-designed 
detector and system can detect arbitrarily low signal levels. Heterodyne receivers constitute the other 
major type of detector at sub-millimeter wavelengths. This technology stems from longer-wavelength radio 
observatories, where such receivers are used to the exclusion of all other techniques.  These receivers 
mix the electromagnetic field of the signal photons (ωS) with a locally generated electromagnetic field at 
frequency ωO (LO). The result is a signal at the difference, or intermediate frequency (IF), where ωIF = ωO 
−	 ωS. Thee original signal is therefore down-converted to a much lower frequency, where more 
conventional low-noise electronics can amplify and process the signal. The signal at ωIF	 carries both 
phase and spectral information about the original signal. It is fairly straightforward to extract the spectrum 
of the source, and the phase of the incoming EM waves. For astronomers, the latter is especially useful 
for combining the phase information from several receivers on separate telescopes to create an 
interferometric signal. In this way, ultrahigh angular resolution can be obtained. The LO and signal S 
frequencies that are coupled to the device oscillate at a rate which is much faster than the device can 
respond thermally. The temperature cannot oscillate at frequencies on the order of	ωS. This means the 
various frequency terms that constitute the signal will be too fast for the device’s thermal response. 
Therefore, the LO frequency must be chosen so that it is close to the signal frequency, such that ωIF is 
within the device’s thermal bandwidth. For a well-calibrated and tunable LO, one can scan the LO across 
some frequency range near	ωS. Superconducting HEB mixers are the choice of heterodyne detector for 
the high frequencies. They are complementary to SIS mixers which work as quantum noise limited 
detectors up to about 0.1-1 THz.  

 

Figure 3: (left to right) An example of nano-bridge HEB microwave detector. the electron temperature locally becomes higher than 
the superconducting transition temperature of the material. The bridge suffers from a localized loss of its superconducting 
characteristics and it detects the radiation absorbed due to the increased electrical resistance in this strip.  

SΦ (ω ) ≈
LS
L
Qint

Qext

Q
Ns

NEP(ω ) ≈ 1
τ
Δ

⎛
⎝⎜

⎞
⎠⎟

∂Φ
∂Nqp

NΦ ω( )(1+ωτ



 
 

Dipartimento di Fisica  
Università degli Studi di Roma “Tor Vergata” 
Via della Ricerca Scientifica 1, 00133, Roma    
 

Progetto COSMOS  
Prima Riunione di Avanzamento 

 

62 

62 

An HEB consists of a superconducting bridge (Nb, NbN, NbTiN, Al, YBCO) with nanometer or submicron 
dimensions, contacted by thick gold pads. Microwave radiation signals are coupled into the bridge through 
a lens and an on-chip antenna. An example is reported in Figure3 heterodyne mixing process makes use 
of the resistive transition between the superconducting state and the normal state of the superconducting 
bridge, induced by the heating of terahertz radiation signals. To reach a high IF band- width, an extremely 
thin film with a high critical temperature is used. Due to the low temperature of the strip, the incoming 
radiation first heats up the electrons in the superconducting bridge. As a consequence of this, the electron 
temperature locally becomes higher than the superconducting transition temperature of the material. The 
bridge suffers from a localized loss of its superconducting characteristics and it detects the radiation 
absorbed due to the increased electrical resistance in this strip. The HEB derives its name from this 
characteristic. The temperature of the electrons in the strip must be able to follow the wave of the mixed 
signal exactly. More than one billion times per second, the electrons are warmed up a bit. In order to be 
able to keep measuring, the electrons in the strip must be cooled down to the superconducting 
temperature extremely quickly. This is possible because the electrons rapidly discharge their heat to the 
lattice of the superconducting film. As the speed of this process is directly dependent on the film thickness, 
the film is extremely thin.  
We can regard a thin film as a thermodynamic system which is composed of two interacting subsystems, 
the electrons and the phonons like in the TES (see fig. 1). If we suppose that the film is deposited on an 
insulating substrate, the phonon subsystem itself can be further subdivided into two parts: phonons in the 
metal and phonons in the substrate: this give rise to the interface conductance GK. As seen in the TES, if 
the electron–phonon coupling is weak, the electron and phonon subsystems attain well-defined, but 
different, steady-state temperatures.  
These micrometer- and submicrometer-sized superconducting HEBs are essentially of two types: phonon  
or diffusion cooled.  In a phonon- cooled HEB the microbridge is sufficiently long and the dominant cooling 
effect is through an electron–phonon interaction in the bridge leading to phonon emission with the phonons 
that quickly pass into the substrate. In diffusion-cooled HEB, the microbridge length is sufficiently short so 
that hot electronic can diffuse in to the electrodes and, in this way, will dissipate the heat.  A very low 
noise-equivalent power of 3×10-19 W Hz-1/2 at 620 GHz in a super- conducting antenna-coupled HEB, 
suitable for the low-background spectroscopy of molecular lines on next generation space telescopes, 
has been also reported.  The sensing element was a micrometer-size Ti TES with NbTiN superconducting 
contacts fabricated on a sapphire substrate. e high sensitivity was due to the small device volume, low 
operating temperature, and weak electron–phonon coupling in Ti films. Measurements were done using 
a cryogenic blackbody emitter producing well-controlled femtowatt power levels.  
 

Figure 3: DC resistance as a function of temperature measured with 1 nA bias current. Inset scanning electron micrograph of a Ti 
nano-bolometer device on Si substrate. The strip of Ti below the Nb contacts are an artifact of the fabrication process  
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WP6-6X2: Readout Electronics for 
Future CMB Experiments 

WP Manager: Giovanni Signorelli (INFN – Sez.Pisa) 

RATIONALE OF THE PROJECT 
Read-out electronics provides the interface between the radiation detectors (TESs, KIDs, CEBs, etc.) at 
sub-mK temperatures and the acquisition computer at room temperature, receiving the analogue signals 
from the sensors and translating them to digital form by means of custom hardware.  
The activity of this working package foresees a comparison among different state-of-the-art architectures 
and readout techniques, together with the investigation of possible departures from the present 
implementations by means of FPGAs, by using dedicated ASICs or GPUs. 
Not to be neglected are power consumption, noise level and implementation costs considerations, in the 
prospect of future balloon and space experiments. The study of the necessary steps towards spatialization 
are as well part of this WP (survey, study and selection of rad-hard components, development of watch-
dog algorithms, study of the performance in space environment).  
A survey of the technologies and expertise present in industries in Italy is also mandatory in order to 
assess the possible commitment of italian community in future experiments on ground, balloon borne or 
space experiments. 
In parallel this working package is entitled in the analysis and signal extraction from the LSPE data stream 
to clean it from the presence of glitches induced by cosmic ray radiation. 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
Comparative table of readout technologies being developed in the various frequency ranges; collaboration 
with other WP. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
We have started a survey of the present and foreseen technologies to be used in CMB measurements, 
which depend on the type of detector selected. We produced an extended doument that provides a 
description and a comparison of various techniques, which contains a comparative table. We summarize 
here the main points of that document. 

Introduction 
In current and future experiments, large arrays of sensors (from order of hundreds to thousands or tens 
of thousands) are and will be exploited. This makes the developing of advanced readout techniques 
necessary in order to reduce wiring between temperature stages. A readout chain can be seen as 
composed by three fundamental pieces: 
- Sensors: typically incoherent detectors such as Transition-Edge Sensors (TES) bolometers and Kinetic 
Inductance Detectors (KID); 
- Cold electronics: which performs sensor multiplexing by means of cold (<4K) circuitry and micro- or 
nano-devices such as superconducting plane inductances, Joseph- son junctions, etc.;  
- Warm electronics (∼ room temperatures), generally composed by several digital processing units 
controlled by FPGAs with a custom software, which generates the necessary signals to perform control 
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and management of the readout system (e.g. generation of sensor and SQUID bias currents, SQUID flux 
biases, digital PID- feedback computation, etc.).   
Conceptually, multiplexing can be subdivided into four steps: bandwidth limitation, encoding, summation, 
decoding. Bandwidth limitation is necessary to prevent signal degradation, due to aliasing from out-of-
band detector noise, which worsens resolution as the square root of the number of pixels, and crosstalk 
in other channels. Encoding is achieved by multiplying the signal of each pixel by a set of orthogonal 
modulation functions and summing them into a single shared output channel. The signals are then 
decoded by means of the same modulation functions. 

Time Domain Multiplexing 
In Time Domain Multiplexing (TDM), the signals of a series of sensors are combined into a single amplifier 
chain, after being separated in time domain. A first stage SQUID is connected to each sensor. A single 
pair of control wires turns on the SQUIDs in separated columns, so that a matrix of N SQUID columns by 
M control rows needs N+M signals lines instead of N×M. Encoding is performed using a low-duty-cycle 
square wavefunction. TES bandwidth limiting is achieved by means of low pass filters of appropriate time 
constant L/R, where R is the resistance of the TES. Since the SQUID bandwidth has to be larger than the 
Nyquist sampling frequency in order to achieve multiplexing, SQUID noise aliasing occurs, as we shall 
see in the following. 
Noise performances in TDM are dominated by SQUID noise aliasing. The modulation function has a noise 
bandwidth , where N is the number of multiplexed pixels and  is the sampling interval. Since this is N times 
larger than the Nyquist sampling frequency, aliasing degrades SQUID noise by a factor . To compensate 
this, the SQUID must be coupled to the input channel with a  higher mutual inductance in order to prevent 
signal degradation. This in turn increases the flux slew rate of the SQUID in response to a signal from the 
TES. 
The major advantages of TDM are its maturity level and simplicity, having more than a decade of field 
experience both on instruments, software and hardware, with an heritage including experiments such 
ACTpol, BICEP2, BICEP3 and SPIDER. TDM boasts the highest multiplexing factors achieved (64 on 
SPT-3G, 128 QUBIC, 256 on a gamma-ray spectrometer). On the other hand, TDM needs a relatively 
high wire count per channel, since row-switching is carried out at room temperature, and the power 
dissipation is higher than other multiplexing techniques due to the first stage SQUIDs. 

Code Division Multiplexing 
In Code Division Multiplexing (CDM) the modulation functions used to encode the signals from TESs are 
Walsh matrices. This allows to readout the signals in a single CDM chain with different polarities, from 
which the original signals are retrieved. 
To date there are two practical implementations of code division multiplexing, both under development at 
NIST: flux summation (Φ-CDM) and current steering (I-CDM). 
As in TDM, SQUID bandwidth must be much larger than the Nyquist sampling frequency, so the  noise 
degradation due to aliasing is present. However, unlike TDM, every pixel is constantly readout, so there 
are N independent samples of each pixel per sampling period. This boosts the signal-to-noise ratio by a 
factor Sqrt(N), thus compensating the degradation due to SQUID noise aliasing. 
CDM maintains the simplicity of TDM while not suffering of the  penalty due to noise aliasing. This allows 
smaller couplings with the SQUIDs and faster slew rates. CDM has the potential to significantly increase 
the number of multiplexed sensors per channel or to enable the multiplexing of faster pixels.  
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Frequency Domain Multiplexing 
In Frequency Domain Multiplexing (FDM), the signals of a sensor array are orthogonally modulated by ac 
biasing them at different frequencies. All the detectors are connected in series with an inductor and a 
capacitor, identifying a unique resonance frequency and filtering out noise and out-of-band signals. The 
resonances must be appropriately separated in frequency space to prevent crosstalk. 
FDM does not suffer of the noise aliasing from higher frequencies and of the  penalty present in TDM, 
since readout bandwidth can be limited to the same bandwidth as the sensor. Crosstalk in FDM readout 
occurs if spurious signal falls into the sensor bandwidth. This happens between neighbour channels, both 
in physical and frequency space, or between different combs because of inductive coupling of wirings. 
These effects is mitigated arranging the physical and frequency layout of pixels and LC channels such 
that overlap is the minimum possible.  
Besides the absence of the  penalty of TDM, FDM has the advantage of allowing individual bias levels for 
each sensor. Since the detector signals are modulated to higher frequency, some sources of low 
frequency noise are avoided. Also, modulation of the TES bias allows the use of reactive biasing, 
eliminating the additional power dissipation of the shunt resistor. Disadvantages of FDM are the higher 
flux burden of the readout SQUID and the larger physical space needed by the LC filters with respect to 
the LR filters used in TDM and CDM. CMB polarization experiments of the past such as EBEX have 
achieved FDM multiplexing factors of 8 and 16, but future experiments will exploit higher multiplexing 
factors. 

Microwave SQUID multiplexing 
Microwave resonator based readouts allow multiplexing of much larger arrays of sensors.  SQUID 
multiplexer (μMUX), where the sensor is separate from the resonator and an intermediate SQUID couples 
the sensor response to the resonator. The SQUID response shifts the resonance frequency which can 
then be monitored in the same way as in MKID readout. The current through each sensor is inductively 
coupled to a dc or rf SQUID. Each SQUID is then coupled to a resonant circuit, such that a change in flux 
in that SQUID shifts the resonant frequency of the corresponding resonator. All the resonant circuits are 
coupled to a common feed line and the response of the sensors is probed using a sum of microwave 
tones. The combined signals are measured by a single high bandwidth High Electron Mobility Transistor 
(HEMT). 
In μMUX SQUIDs are operated in open loop. In this scheme, the response of each SQUID can remain 
monotonic even with large signals in every detector. Some non-linearities in SQUID’s response must be 
corrected either via or via hardware (e.g. by flux biasing the SQUIDs into an appropriate voltage-flux 
region). 
Microwave SQUID multiplexing is the less mature multiplexing technology, but has the potential to provide 
significantly more readout bandwidth than conventional techniques. This property can be used to multiplex 
larger numbers of detectors (order of thousands) and is currently being studied as readout technology by 
future experiments such as MUSTANG-2 and HOLMES. 
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Comparative Table 
The results discussed in this note are summarized in the following table: 
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WP7-6X1: Astroparticle and 
fundamental physics 

WP Manager: Paolo Natoli (Physics and Earth Sciences Dept., University of Ferrara) 

RATIONALE OF THE PROJECT 
The scope of WP7-6X1 is to provide support to the activities planned for COSMOS, for topics related to 
astroparticle and fundamental physics. In particular, we aim at providing forecasts and tests useful to the 
definition of the expected roadmap to be released by the COSMOS project, as well as delivering analysis 
tools and codes 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
The expected activities within six months of the KO meeting were: Set up the structure of the WP, issue 
a detailed plan of activities, review of theoretical models, assessing relevant parameters. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
The activities have concentrated, as planned, on setting up the structure of the WP and carrying out a 
review of the current scenario for the topics relevant to WP-76X1, defined the models and their parameter 
and plan the consequent activities. To ease the development of activities, the WP has been divided in 
several tasks , according to the Break Down Structure schematically reported in the following figure Figure 
1. 

 
Figure 2 Breakdown structure for WP 7-6X1, including links to other main relevant WP of the COSMOS project 

We describe hereafter in more detail the title and purpose of the several tasks 

Task 7-6X1.1: CMB Anomalies 
Purpose: Provide review activity and support for the study of CMB anomalies at large angular scales in 
temperature and polarization. 
Leader: Alessandro Gruppuso (INAF IASF Bologna) 
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Status:  Review of relevant literature carried out. We set forth a classification of anomalies for the purpose 
of the present study and provided draft text for the COSMOS Roadmap study. At large angular scale of 
the temperature CMB pattern shows less power w.r.t. what expected in the ΛCDM scenario. The 
significance is around 2.5-3σ CL. Of course this might be a statistical fluke. If not, there are two reasons 
to consider seriously this anomaly since it is not natural to ascribe this effect to  foreground emissions not 
fully removed (any residuals should increase rather than reduce the power since they are not expected to 
correlated with the CMB), nor to instrumental systematics (two independent experiments (WMAP and 
Planck) observe the same features with similar significance). Moreover, the significance of this anomaly 
gets stronger when the Galactic mask is increased. This is really a remarkable fact since the exclusion of 
regions close to the Galactic plane is in principle a very conservative choice. Constraints on string inspired 
models for the CMB power anomaly are in progress. In particular, we studied the variance of the CMB 
field in harmonic space from Planck data, for the standard sky coverage suggested by the Planck team 
and for several blind extensions of it, from 6 to 36 degrees. Results confirm (see Fig. 2) that regions away 
from the Galactic plane tend to be more anomalous, while the “complementary” mask, defined as the 
region contained between the standard and extend mask never appears anomalous [1].  

 

 
 

Figure 3  power anomaly (given as lower tail probability) for the variance  of the CMB Planck field, for the standard masks 
and several extensions. Regions far away for the Galactic plane appear more anomolous. The dashed lines refer to the 
complementary masks 
 
Finally, we explored the connections between this activities and those in WP 8-6X1, lead by Nicola 
Bartolo, to lay down a schedule for joint interactions (in progress) 

Task 7-6X1.2: Neutrino Cosmology 
Purpose: Derive constraints and forecasts for the relevant neutrino properties, as they can be carried out 
using the CMB and other cosmological datasets  
Leader: Massimiliano Lattanzi (INFN Ferrara)  
Status: We carried out a review of existing literature and defined the main models and contexts we will 
focus in the reminder of this study. We provided support for the definition of the COSMOS roadmap. We 
derived constraints, using Planck legacy data, on secret neutrino interactions beyond the standard model 
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[2-3]. These studies are motivated by the results of SBL reactors, which provide mild evidence for the 
existence of a light (~ eV) sterile neutrino. Assuming a Fermi like secret (i.e. non standard weak) 
interaction, the hypothesis can be probed using available cosmological data. Results (see Figure 3) 
indicate that the scenario is highly disfavored by Planck and BAO data. 

 

 

Figure 4 Joint poesterior probability for the strength of the secret interaction and the mass of the sterile neutrino. The green/gray 
bands are mass ranges allowed by the SBL data, while blue and red constraints are for CMB and CMB+BAO, respectively. 

Finally, we started to define the common activities with WP-96X2, with Carlo Baccigalupi, which 
deals with lensed B modes.  

Task 7-6X1.3: Parity symmetry  
Purpose: Provide constraints and forecasts for fundamental symmetries, in particular parity symmetry. 
The main observable is Cosmological birefringence.  
Leader: Paolo Natoli (Univ. of Ferrara) 
Status: review of models ongoing. Contribution to COSMOS roadmap delivered.  

Task 7-6X1.4: Dark Energy 
Purpose: Provide constraints and forecasts for Dark Energy models  
Leader: Valdimir Lukovic (Univ. of Tor Vergata) 
Status: Review of models ongoing. Delivering contributions to the COSMOS roadmap. In Progress: 
constraints from low-redshift observations (SN data, H(z), BAO, …). 
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Task 7-6X1.5 Nucleosynthesis 
Purpose: Derive constraints and forecasts for fundamental and astroparticle physics and using BBN as 
a probe.    
Leader: Luca Pagano (IAS Orsay) 
Status: Review of models ongoing. Constraints on Planck legacy data planned. 

Task 7-6X1.6: Reionization history 
Purpose: Derive constraints and forecasts using for fundamental and astroparticle physics and using 
reionization, as measured through the CMB, as a probe 
Leader: Gianluca Polenta (ASI) 
Status: Review of models ongoing. Contribution to COSMOS roadmap delivered. Constraints on Planck 
legacy data planned. 
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WP8-6X1: Inflationary gravitational 
waves 

WP Manager: Nicola Bartolo (Physics and Astronomy Dept., University of Padova) 

RATIONALE OF THE PROJECT 
Constraints on primordial gravitational waves (GWs) from inflationary models are usually expressed in 
terms of the tensor-to-scalar ratio r. Interestingly, the constraints on inflationary GWs set by the B-modes 
of CMB polarization started to be competitive with the ones from temperature alone very recently. At 
present the most recent BICEP 2/Keck Array/Planck joint cross-correlation including the Keck Array 95 
GHz and the WMAP 23, 33 GHz bands provides the best 95% CL upper bound, r < 0.07. This allowed to 
reduce the parameter space of inflationary models, e.g. ruling out power-law inflation arising from an 
exponential potential V(φ) = Λ4exp (−λφ/MPL) of the inflaton field, or strongly disfavouring one of the most 
motivated inflationary models, i.e. the caothic models with a potential V(φ)∝φ4. Within this WP we aim, on 
the one hand, to investigate inflationary parameters that are usually constrained by observations (e.g., r, 
the scalar spectral index ns and its running), on the other hand we aim at providing new observational 
tools and predictions that can help in fully characterizing the nature of primordial GWs.  

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
The goals we set for this WP for the first t0 + 6months are: “Theoretical predictions, forecasts and study 
of theoretical implications for inflation” (contained in the description of the proposal for this WP, see 
http://www.cosmos net.it/wp-content/uploads/2017/02/WP-8-6X1.pdf).  

RESULTS OBTAINED AFTER SIX MONTHS FROM THE KO-MEETING 
We have achieved results on each of the main goals. Also, we were able to partially anticipate some of 
the investigations planned for later phases in the time-schedule of our WP (see below). Therefore we are 
on line with the proposed time-schedule for this WP, and even in anticipation for a couple of activities (due 
to the fact that there were already some activities going on along those directions and due to the fact that 
we wanted to give priority to some topics which we think are particularly relevant at the present stage). 
This might imply some adjustment in the time-schedule for some of the planned goals.  

Forecasts on tensor-to-scalar ratio 
We have made various forecast analyses targeted to B-mode polarization from possible future space CMB 
experiments, with particular focus on their specific instrumental specifications [1]. See the report of WP4-
6X1 for more details on the specifications used, which include LiteBIRD-like and CORE-like 
configurations. As a first step, we have assumed that the lowest and highest frequency channels suffice 
to remove foreground contaminations from the inverse noise weighted combination of the six central 
frequency ‘cosmological’ channels used for our forecasts. We have also included internal delensing when 
this possibility is allowed by the angular resolution of the specification considered. Under these 
assumptions, and the consistency condition for the tensor tilt, the tensor-to-scalar ratio is essentially 
constrained by B-mode polarization alone for all the configurations considered, removing most of the 
degeneracies of r with the other cosmological parameters. We have shown that, e.g., a CORE-like 
configuration could achieve a sensitivity on r two orders of magnitude below the current one and that this 
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is a factor of 2 better than the one which can be reached by a LiteBIRD-like configuration, mainly due a 
smaller noise sensitivity and a better capability to efficiently perform internal delensing. A CORE-like 
experiment could reach a sufficient sensitivity to detect at high statistical significance a tensor-to-scalar 
ratio around ~4⋅103, which is the level expected in R+R2 inflation, currently the simplest inflationary model 
among the favoured by Planck data (see also [2] for a component separation map based approach based 
on current methodologies and current knowledge of foregrounds). In this case the expected combined 
constraints in the (r,ns) plane will be able to distinguish at high statistical significance among inflationary 
models which provide a similar fit to Planck data, such as an hilltop quartic and R + R2, for instance.  

When the assumption of a standard kinetic term is relaxed in the inflaton Lagrangian or more than one 
dynamical scalar field is present during inflation, the tensor spectral index does not obey to the consistency 
condition, i.e. nt ≠ -r/8. CMB space experiments are ideal to constrain the tensor tilt nt when this is allowed 
to vary independently from r, since they can measure either the reionization bump and the recombination 
peak of the B-mode polarization spectrum produced by inflationary gravitational waves. We have shown 
that a CORE-like experiment can lead to an order of magnitude improvement in the constraint of the tensor 
tilt with respect to current limits, even when r ∼ 0.01. As a forecast, at 68% CL uncertainty for the tensor 
tilt we obtain σ(nt) = 0.05 for r = 0.05 and σ(nt) = 0.08 for r = 0.01.  

Theoretical predictions 
Testing parity breaking signatures via primordial GWs 
We have performed a detailed study of the predictions for different inflationary parameters arising within 
some models of inflation characterized by a high-energy modification of General Relativity. We are going 
to submit very soon the results of this analysis on the arXiv [3]. In these models the inflaton field 
responsible for inflation is coupled to a gravitational Chern-Simons term. Such models predict in particular 
a distinctive observational signature of parity violation in terms of circularly polarized GWs, with an 
asymmetry between Left (L) and Right (R) polarization states. Such a signature has been studied in details 
as far as GW power spectra are concerned. The main CMB observable signature is an induced non-
vanishing cross-correlation between temperature (T) (or polarization E-modes) with polarization B-modes. 
One of the main conclusions recently reached on very general ground is that, given the present upper 
bound on the tensor-to-scalar ratio r, even from future CMB data it will be very difficult to constrain the 
chirality of primordial GWs exploiting only the two-point correlation statistics (see [4] which includes people 
involved in this WP and also in WP 7-6X1). Therefore it is crucial to use other observables. One of the 
main goals and motivation of our analysis [3] has been to provide the predictions for parity breaking 
signatures arising in higher-order correlator functions of the inflationary perturbations. We have shown 
that there is a portion of the parameter space of the models where a relatively high parity breaking 
amplitude in the bispectrum (i.e. the Fourier transform of the 3-point correlation function) of primordial 
perturbations is generated, even in the case where parity breaking is suppressed in the power spectra of 
GWs. This signature arises as an asymmetry Π = ⟨γR γR ζ ⟩ − ⟨γL γL ζ ⟩ in the mixed tensor-tensor-scalar 
correlator between R and L tensor polarization states. This line of research, related to observational tests 
of GWs from higher-order correlators in combination with power-spectra, has focused recently a strong 
interest (some first constraints have been obtained in the 2015 Planck data analysis). We have also 
started to analyze what are the best observational tools to constrain such a signature. This will be part of 
a future work [5] with clear connections with WP 7-6X1. We have already shortly explored in [3] that one 
of the best possibilities is to use the CMB polarization B-mode to improve the signal-to-noise ratio on Π 
w.r.t using only T and E data. This is due to the fact in T and E data the tensor (GW) contribution is much 
smaller than the scalar one. One of the observable to consider would be e.g., the CMB bispectrum ⟨BBT⟩ 
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which turns out to be proportional to Π for specific multipole configurations l in harmonic space. B-mode 
observations have just been started to be competitive with T and E measurements, they are not cosmic-
variance limited and therefore there is a large room of improvement in this direction.  

Testing (deviations from) the inflationary consistency relation 
One of the results we obtained in the forecast part related to future CMB satellites is that, given the present 
limits on r, it will be very difficult to test the so-called consistency relation linking the tensor-to-scalar ratio 
with the spectral index of GWs: r = −8nt. However there are different well-motivated models of inflation 
that predict deviations from such a standard consistency relation (see the recent review on inflationary 
GWs [6]). We have started an analysis where we point out that, with future CMB data measuring deviations 
from the consistency relation would be potentially feasible in various models of inflation, if that deviation 
is realized in nature, despite the fact that testing the consistency relation would be very hard. This work 
[7] includes two main parts: first we are providing a theoretical prediction about a very general 
parameterization of deviations from the consistency relation which includes the predictions of the most 
general single-field models of inflation (this is being carried out using the so called Effective Field Theory 
approach to inflationary perturbations). This part of the work has almost been done. The second part of 
the work will consist in forecasting the sensitivity of future CMB data to measure such deviations in the 
(r,nt) plane. If such a deviation would occur then standard single-field models of inflation would be ruled 
out. On the other hand, with such an analysis one can always improve the constraints on such deviations, 
shrinking the allowed parameter space of inflationary models. There is an interesting result that is arising 
in connection with the search of primordial non-Gaussianities (and hence with WP 8-6X2). There might 
be regions in the parameter space where future constraints from primordial non-Gaussianity on the sound 
speed of the inflaton fluctuations cs would not be able to rule out standard single-field models, while this 
might be possible in the (r,nt) plane. For this reason, as part of our activities, we have forecasted what is 
the sensitivity of a CORE-like experiment on cs finding that this would be the case for cs > 0.045 at 95% 
CL.  

Correlators of primordial GWs: a systematic study of independent models 
Using a very general approach (Effective Field Theory to inflationary perturbations) it has been shown 
that, within general single-field models of inflation, it is possible to remove redundant couplings appearing 
in the inflationary Lagrangian that defines the model [8]. Such redundant couplings would correspond to 
models that apparently would provide different predictions but are in fact equivalent. This is particularly 
restrictive and predictive when dealing with power-spectra and three-point functions of GWs. From the 
observational point of view this analysis is useful in that it can provide a criterium to use in data analysis 
only those power-spectra and higher-order correlator templates which are generated only by the actual 
independent couplings.  

Apart from these results, in line with the time-schedule of this WP, we have been also able to partially 
anticipate some of the investigations planned for later phases in the time-schedule of our WP. Very shortly:   

Development of non-Gaussianity based component separation techniques for polarized foregrounds, 
especially B- mode 
this is an activity which has very strong links with the WP 8-6X2 “Non-Gaussianity from Inflation”, which 
is coordinated by Michele Liguori. Diffuse galactic foreground emission generates NG patterns in the CMB. 
Non-Gaussianity could therefore be exploited in order to separate the foreground components from the 
(Gaussian) primordial B-mode signal. This possibility has received only little attention in the literature so 
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far (e.g. with the development of methods such as fastICA). We have started to explore it in detail, by 
developing Internal Linear Combination methods, which include NG dependent corrections, by exploring 
NG-based blind component separation (fastICA) more deeply, for polarized emission, and by considering 
thresholding techniques for needlet expansions of the CMB temperature and polarization field.  

Forecasts about complementarity between CMB and other possible future observables (e.g., direct 
detection experiments like LISA) 
Within the activities of the members involved in this WP some analyses were already performed. One of 
these lead to investigate what are the future constraints that can be placed on some models of inflation 
able to generate a primordial stochastic background of GWs with a red tilt, thus potentially being 
detectable at very high frequencies which can be probed only by interferometers. This GW background is 
generated by a classical production mechanism, and it adds to the minimal floor of the usual inflationary 
GWs generated via the standard quantum vacuum amplification of metric perturbations during inflation. 
We have in particular investigated models where such a background is sourced by the anisotropic-stress 
tensor produced by the presence of additional scalar (“spectator”) fields besides the inflaton field and we 
have forecasted the future sensitivity on the relevant parameters of these models combining CMB and 
future LISA measurements [9].  

PEOPLE INVOLVED 
The WP activities have been divided into some sub-packages (namely “Theoretical predictions of (and 
implications for) inflationary models”; “Inflationary parameter forecasts for future B-mode surveys”; 
“Preparation of B-mode data analysis for present and forthcoming CMB experiments”; “Study of 
complementarity between CMB and other observables”). There at the moment 16 people involved in this 
WP. The group is very well integrated and very well focused on the main topics of this WP. Connections 
and interactions with other WPs are very well defined (WP 7-6X1: Astroparticle and fundamental physics; 
WP 8-6X2: Non-Gaussianity from inflation; WP 9-6X1: Foreground removal and CMB weak lensing).  

The people involved are: Nicola Bartolo (coordinator); Carlo Baccigalupi; Mario Ballardini; Giovanni 
Cabass; Alessandro Di Marco; Fabio Finelli; Alessandro Gruppuso; Maria Chiara Guzzetti; Massimiliano 
Lattanzi; Michele Liguori; Alessandro Melchiorri; Giorgio Orlando; Paolo Natoli; Daniela Paoletti; Sabino 
Matarrese; Andrea Ravenni 
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WP8-6X2: Non-gaussianity from 
inflation 

WP Manager: Michele Liguori (Physics and Astronomy Dept., University of Padova) 

RATIONALE OF THE PROJECT 
The study of primordial non-Gaussian (NG) signatures in the Cosmic Microwave Background (CMB) 
provides useful tools to set constraints on a vast class of different inflationary scenarios, or alternative 
Early Universe models. Primordial non-Gaussianity (PNG) contains extra-information with respect to 
measurements based on the power spectrum alone, and they are therefore fully complementary to thos. 
Notably, PNG allows to probe deviations from the standard single-field slow roll paradigm, since model-
dependent NG signatures are produced any time we have more than one field contributing to 
perturbations, non-standard kinetic terms in the Inflaton action, non-standard (non Bunch Davies) initial 
vacuum conditions or temporary breaking of slow-roll. The most important observational PNG signatures 
are non-vanishing 3-point and 4-point cumulants of the primordial curvature field. These, in turn, leave an 
imprint in the CMB angular bispectrum and trispectrum (3 and 4-point functions in multipole space) of 
temperature and E-modes. Different primordial scenarios change the functional dependence (``shape") of 
these quantities on different wavenumbers. The typical goal of PNG analyses is to fit many different, 
theoretically motivated, shapes to the data, and measure the degree of correlation in terms of a 
dimensionless NG amplitude parameter (tipically called fNL  for bispectra and gNL for trispectra). While the 
Planck satellite has constrained PNG with exquisite accuracy (at 0.1% level), showing consistency with 
the simplest, standard, single-field slow-roll scenarios, PNG still holds considerable scientific and 
discovery potential. Significant future advancements in this area are possible, very interesting and 
required. Exploring in detail such possibilities is the main, general goal of this WP, articulated in three 
main objectives: 
Improving over our current (Planck) CMB bispectrum and trispectrum constraints and include new shapes 
in the PNG analysis, considering either current data or producing forecasts for future experiments. 
Studying new, CMB-related observables besides bispectra and trispectra of CMB temperature and 
polarization. This includes in particular the power spectrum of the Cosmic Infrared Background on large 
scales, and cross-correlation spectra between CMB spectral distortions and CMB temperature and 
polarization anisotropies. 
Exploiting the general statistical tools, developed and implemented to study PNG, in order to study NG 
signals of non-primordial origin, with special attention to NG from secondary anisotropies (e.g. Sunyaev 
Zel'dovich effect, CMB lensing) and to NG from diffuse foreground emission. Both these NG sources act 
as contaminants of PNG. The motivation to study the former is that NG from secondary anisotropies 
contains valuable information about the low redshift Universe. Regarding the latter, the idea is to exploit 
NG signatures from astrophysical foreground emission in order to build novel methods of foreground 
subtraction. This is relevant also for cleaning B-mode angular power spectra, used to search for primordial 
gravitational waves, from foreground contamination. There are therefore clear synergies between these 
activities and those carried on in WP8-6X1 ("Inflationary GW"), WP9-6X1 ("foreground modeling"), WP1-
6X1 ("Sunyaev Zel'dovich signal extraction from future CMB data"). 
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RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
Consistently with the framework described in the previous section, the specific work plan for the first 
semester of activities included two main tasks: 
Calibration of different pipelines (in different domains, e.g. harmonic, needlet and  real space) to measure 
CMB 3- and 4-point correlation functions. 
Study of the CIB power spectrum in relation to NG signatures that can be left imprinted on it. 
 
The first six months of activity have seen significant progress in both areas, as well as advancements on 
other general scientific goals and activities, that were planned for later phases. It is therefore fair to say 
that the work is proceeding well and is ahead of schedule. More details on the progress made in the 
various areas of work are reported below. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 

Pipeline calibration and development 
a) More tests of efficient, optimal bispectrum pipelines developed for Planck data analysis, have been 

carrried on. The focus was on studying the effect of sky-masking on measurements of PNG. Partial 
sky coverage generates coupling of different modes, in ways that can create degeneracies with the 
coupling due to actual PNG. Several approaches were successfully applied in the past, but a new one 
was tested recently, in which both the NG leaking effect and the E-B mode leaking are minimized. 
This can be useful to test new bispectra including tensor modes (where E-B leaking can significantly 
alter the result) and also to minimize the effect of B to E leaking if significant foreground contamination 
is still present in the B-mode maps. Tests were performed on simulations at Planck angular resolution. 

b) A completely new bispectrum estimation pipeline was developed and tested, which can measure 
scale-dependent signatures in primordial NG shapes. The running is parametrized in terms of a 
spectral index for the NG amplitude fNL, considering various scale-dependent NG models, according 
to theoretical predictions in the literature. The final results include the development of the full pipeline 
and of algorithms to produce CMB simulations with running NG. The pipeline was tested using such 
NG simulations and including realistic features such as e.g. sky masking and WMAP or Planck-like 
experimental noise. Finally, preliminary running NG constraints were obtained for a variety of models 
using WMAP data (Oppizzi and Liguori, 2017, in prep.), and forecasts for future, CORE-like, full-sky, 
high angular resolution space missions were performed.  

c) A trispectrum estimator, based on extracting the four-point function of needlet modes of the map is 
being developed. It was successfully tested, so far, on ideal, noiseless CMB simulations. 

Primordial NG signatures in the CIB 
It was recently pointed out (Tucci et al. 2016), that scale-dependent signatures in the CIB power spectrum 
are sensitive to the primordial NG parameter fNL, describing the so-called "local" shape, arising from 
multifield inflationary scenarios. The CIB is seriously contaminated by dust, especially on large scales. 
This makes CIB-based NG tests unfeasible with current datasets. However, future B-mode space-
missions will have large frequency coverage, due to the necessity of separating the B-mode power 
spectrum from other components, dust in particular. This, in principle, allows achieving a level of dust 
cleaning which allows very tight constraints on local fNL, about an order of magnitude better than current 
ones. Such result would have major implications on our ability to discriminate between single and multi-
field Inflation, essentially enabling us to rule out either one or the other. We produced CIB forecasts for 
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future CORE-like surveys, eventually combined with Planck data at high frequencies, where we properly 
marginalize over foreground residuals. Our results show that a CORE-type experiment couldindeed 
achieve such order-of-magnitude improvements, in line with previous works considering PIXIE-like 
datasets. The result were included in Finelli et al. 2016 

Primordial NG signatures in CMB spectral distortions.  
It has been also recently shown (Pajer and Zaldarriaga 2013) that the cross-correlation between CMB 
temperature and CMB spectral distortion anisotropies  (both of the µ and y type), arising from acoustic 
wave dissipation, contains relevant information about local fNL. In principle, µΤ and yΤ power spectra could 
be used to measure very small levels of fNL (up to 10-2, 10-3). This, however, is a futuristic scenario 
because it requires to extract the spectral distortion map with many order of magnitude better sensitivity 
than what can be achieved even in ambitious next generation space missions. Nonetheless, specific 
inflationary scenarios, namely excited initial states and  running-NG models, enhance the cross-
correlation signals on specific scales, or for specific configurations. Interesting results for these models 
can be obtained already with current or next generation surveys. We produced forecasts for fNL detection 
with spectral distortions using Planck  and future space missions, considering "flat" shapes from excited 
initial state models. We also extended previous work on running NG by including polarization in the 
analysis, and studying both the Eµ and Ey spectra. Finally, we considered in detail the contamination 
arising from Ty spectra from SZ-CMB correlations and the Ey contamination from kinetic SZ at reionization 
(Ravenni et al. 2017, in prep.). 

NG signatures from foreground emission and component separation. 
a) We considered Internal Linear Combination (ILC) methods, recasting them in a statistical Bayesian 

setting. We then included specific NG priors on the foreground distribution, to obtain generalization of 
ILC that account for NG of foreground emission. The analytic formulae are being numerically 
implemented at the moment. 

b) We applied thresholding procedures to the needlet coefficients of CMB simulations including 
foreground templates. The idea is that coefficients in the tail of the distributions (i.e. above threshold) 
correspond to the NG component in the map, which, by definition, is the foreground. This allows 
foreground template reconstruction (and fitting), even with a single frequency. We are performing 
preliminary tests to verify the accuracy of the reconstruction (in terms of the power spectrum and other 
statistics) 
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WP9-6X1: Foreground modeling and 
removal 

WP Manager: Francesca Perrotta (SISSA) 

RATIONALE OF THE PROJECT 
This WP is dedicated to the analysis of existing data for what concerns the diffuse polarized emission 
from our own Galaxy (foregrounds), as well as the development of data analysis software needed for their 
characterization, control and removal (component separation). This is particularly important since the 
signal from foregrounds on the degree angular scales, where the contribution from cosmological 
gravitational waves is maximum in the B-modes, is expected to dominate at all frequency, in all sky 
locations, according to the present data. The activity directly supports experimental design of forthcoming 
and future CMB probes for what concerns their capability of controlling and removing the foreground 
emission. The WP is articulated in Tasks; each task has leaders, specific purpose and status of activities 
as summarized below.  

Task 9-6X1.1: Support to Experimental Design 
Purpose: support of forecasting component separation for feasibility studies using semianalytic techniques 
Leaders: Carlo Baccigalupi, Davide Poletti 
Status: software ready, exploitation in progress 

Task 9-6X1.2: Diffuse Polarized Foreground Data Analysis 
Purpose: analysis of existing datasets for constraining polarized foreground emission 
Leaders: Nicoletta Krachmalnicoff, Francesca Perrotta 
Status: derivation of constraints on synchrotron, dust-synchrotron cross-correlation, from the S-PASS 
radio survey and Planck data is in progress 

Task 9-6X1.3: Diffuse Polarized Foreground Modeling 
Purpose: 3D modeling of Galactic diffuse polarized emission, comparison with data 
Leaders: Francesca Perrotta 
Status: modification of codes for simulating the 3D distribution of Galactic diffuse Synchrotron emission 
ongoing 

Task 9-6X1.4: Polarized Component Separation 
Purpose: production and testing of foreground cleaning data analysis software finalized to polarization 
and B-modes 
Leaders: Davide Poletti, Carlo Baccigalupi 

Status: implementation of parametric fitting for component separation with python and c++ 
interfaces done, testing and applications are in progress 
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Task 9-6X1.5: Data Analysis & Simulations 
Purpose: production and testing of foreground cleaning data analysis software finalized to polarization 
and B-modes 
Leaders: Carlo Baccigalupi 
Status: analysis of the following data Planck data for the 2017 data release is ongoing, analysis of S-
PASS data in combination with Planck and WMAP data for new constraints on Galactic polarized diffuse 
synchrotron emission is ongoing, study of constraints on low frequency foregrounds from composition of 
S-PASS, LSPE, QUIJOTE in progress, analysis of extra-Galactic sources from the Planck Compact 
Source Catalogue as B-mode foreground is in progress, analysis of data from PolarBear is ongoing. 

RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
The required product of the first six months from the KO-meeting is the development and implementation 
of semi-analytic techniques capable of forecasting the performance of component separation (9-6X1.1), 
given the present knowledge of the foregrounds and taking as input the main chatracteristics of a given 
instrumental design. The product has been delivered and is being exploited, as discussed below. 
Moreover, in the first six months of from the KO-meeting, several other activities have started and are 
progressing, including the analysis of ongoing experiments, and exploitation of existing data for 
investigating the foregrounds for improving the modeling of them, and the overall simulation setup for 
component separation. This is also briefly described below. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 

Semi-analytic techniques for Component Separation 
The existing forecasting approach to component separation (Stompor, Errard, Poletti, Phys.Rev.D 94, 
083526, 2016 and references therein) is based on a maximum likelihood technique, capable of 
parametrizing the main foreground unknowns, and providing estimates of them through parametric fitting, 
building up a mixing matrix given the existing modeling of the foregrounds, and taking as input the main 
instrumental characteristics, such as angular resolution, instrumental sensitivity and number and location 
of frequency bands. Based on these investiagions, a semi-analytic package has been implemented for 
estimating the level of residual in CMB mps derived from multi-frequency data and forecasting their impact 
on cosmological parameters. The method accounts for discrepancies between the foreground model 
assumed and the true one, including differences in scaling laws and spatial variations. Therefore, 
estimates and uncertainties include both systematic and statistical effects, which can be propagated to 
the main observables of the experiments. The method is computationally efficient, capable of forecasting 
the impact from hundreds of foreground realization on a single CPU. This is particularly relevant for the 
low frequency foregrounds where existing data have less sensitivity and where operating experiments are 
expected to have a most important impact. The method is now being applied to forecasting the 
performance of the fortchoming experiments, and their combination. 

Data analysis of ongoing experiments and exploitation of existing data 
During the first six months of from the KO-meeting the data analysis (Task 9.6X1.5) progressed in three 
main directions, concerning the use of the S band Polarization All Sky Survey (SPASS), the investigations 
concerning foregrounds in the Planck data, the analysis of the PolarBear data after two years of 
observations. We briefly describe these progresses below. 
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SPASS 
The 2.4 GHz SPASS maps represent faithful tracers of the low frequency (synchrotron) component, in 
particular at high Galactic latitudes were the Faraday rotation is expected to be negligible. The analysis 
has the purpose of investigating the synchrotron in opposite regimes with respect to the existing data from 
Planck, i.e. at considerably lower frequency, and in high signal to noise regime, in order to gain insight 
into this component. The work is in collaboration with the team of scientist working at the SPASS data 
rendering. 

Planck 
The Planck data are being used for investigating particular aspects of the foregrounds, i.e. the cross-
correlation between dominating at the low (synchrotron) and high (thermal dust) frequency, as well as the 
de-correlation of each of them, i.e. their possible multi-component composition, and space variation of 
physical parameters. 

PolarBear 
The PolarBear experiment (The PolarBear Collaboration, arXiv:1705.02907, submitted to the 
Astrophysical Journal) has just completed the analysis of two years of data, with specific contributions 
from members of our groups (Poletti et al., Astron. & Astrophys. 600, A60, 2017, Puglisi et al., 
arXiv:1701.07856, MNRAS in press). One of the most important novelty of the present analysis is 
constituted by the improved constraints on foregrounds, and their impact on the B-modes. The analysis 
is continuing while the observatory, located in the Atacama desert, is being provided by two extra-
telescopes, expected to become operational in 2018. 
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WP9-6X2: CMB weak lensing 
reconstruction 

WP Manager: Carlo Baccigalupi (SISSA) 

RATIONALE OF THE PROJECT 
This WP is dedicated to the investigation of the lensing signal induced by forming cosmological structures 
along the line of sight of CMB photons, as well as the development of data analysis techniques capable 
of using the reconstructed lensing pattern in CMB data and/or the one obtained by means of observations 
of Galaxy populations, to remove (de-lens) the lensing effect from CMB anisotropies. The activity is 
particularly relevant for the B-modes of CMB polarization anisotropies, where the lensing contribution 
dominates the arcminute scale power, and represents the main extra-Galactic contamination to the B-
mode 
contribution from cosmological gravitational waves. The activity directly supports experimental design of 
forthcoming and future CMB probes for what concerns their capability of controlling and removing the 
foreground emission. The WP is articulated in Tasks; each task has leaders, specific purpose and status 
of activities as summarized below. 

Task 9-6X2.1: Support to Experimental Design 
Purpose: Support for forecasting de-lensing for feasibility studies using semi-analytic techniques 
Leaders: Carlo Baccigalupi, Davide Poletti 
Status: software ready, exploitation in progress 

Task 9-6X2.2: Galaxy Populations and Large Scale Structure Tracers 
Purpose: characterization of LSS tracers through population of Galaxies 
Leaders: Andrea Lapi 
Status: impact of astrophysical modeling on CMB reionization modeling ongoing 

Task 9-6X2.3: Production of Algorithms for de-Lensing 
Purpose: production and testing of de-lensing algorithms 
Leaders: Carlo Baccigalupi 
Status: Collaboration 

Task 9-6X2.4: Data Analysis & Simulations 
Purpose: application of de-Lensing to simulations and data 
Leaders: Carlo Baccigalupi 
Status: analysis for lensing reconstruction of Planck data for the 2017 data release is in progress, analysis 
of extra-Galactic sources from the Planck Compact Source Catalogue for exploitation in B-mode 
experiments is in progress, analysis for lensing reconstruction of PolarBear Large Patch Data is in 
progress 
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RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
The required product of the first six months from the KO-meeting is the development and implementation 
of semi-analytic techniques capable of forecasting the performance of de-lensing (9-6X2.1), taking as 
input the main chatracteristics of a given instrumental design. The product has been delivered and is being 
exploited, as discussed below. Moreover, in the first six months of from the KO-meeting, several other 
activities have started and are progressing, including the analysis of ongoing experiments for what 
concerns lensing reconstruction, and exploitation of existing data for investigating the role of polarized 
point sources in particular as residuals for B-modes power spectrum measurements (9-6X2.4). This is 
also briefly described below. 

RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 

Semi-analytic techniques for de-lensing 
The existing forecasting approach to de-lensing (Errard et al. JCAP 03, 052, 2016 and references therein) 
performs forecasting for component separation (see WP9-6X1) and de-lensing at the same time. For 
component separation, the methodology is limited to an assumed accurate estimation of the mixing matrix, 
as discussed in the WP9-6X1 report. On the other hand, for de-lensing. the method is capable of 
estimating the residual on CMB power spectra after lensing removal, including the effect on the main 
cosmological parameters, such as the tensor to scalar ratio. The method has been developed in order to 
do forecasting not only using the reconstructed lensing potential from CMB anisotropies (internal de-
lensing), but also, in relation to the work being pursued in WP9-6X2.2, for taking into account the lensing 
reconstruction using tracers of Large Scale Structure (external de-lensing). Based on these investigations, 
a semi-analytic package has been implemented for estimating the residual lensing power in CMB mps 
after de-lensing and forecasting its impact on cosmological parameters. This is particularly relevant for 
the low frequency foregrounds where existing data have less angular resolution with respect to the one 
achieved at higher frequencies, and therefore may get a crucial benefit from ancillary observatons 
reconstructing the lensing power. The method is now being applied to forecasting the performance of the 
fortchoming experiments, and their combination. 

Data analysis of ongoing experiments and exploitation of existing data 
During the first six months of from the KO-meeting the data analysis (Task 9-6X2.4)  progressed in two 
main directions, concerning the use of the Planck Point Source Catalogue in conjunction with the low 
frequency surveys (NRAO Vast Sky Survey, NVSS), the analysis of the PolarBear data after two years of 
observations for what concerns lensing reconstruction. We briefly describe these progresses below.  

Planck & NVSS 
The Planck data consist in particular of a catalogue of point sources, some of them with characterization 
and detection of polarization. One of the goal of this work (task 9-6X2.2) is to estimate the residual effect 
on CMB maps, in particular the B-modes of the polarization, of unresolved polarized point sources. The 
work is ongoing by cross-correlating the Planck catalogue with the NVSS one at much lower frequency 
and with higher resolution and sensitivity. The catalogues show a good degree of compatibility. A first 
assessment of the Bmode power from polarized point sources is ongoing. 

PolarBear 
As it is discussed in the report from WP9-6X1, the PolarBear experiment (The PolarBear Collaboration, 
arXiv:1705.02907, submitted to the Astrophysical Journal) has just completed the analysis of two years 
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of data. The extraction of the lensing signal, and the crosscorrelation with existing catalogues of surveys, 
is in progress. 
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