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1 Point Source Detection as a Multiple Testing Problem

As the starting-point of this item in the project, our goal has been to implement the multi-

ple 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 simul-

taneously 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 de-

tection is implemented on one-by-one basis, thus neglecting statistical issues on global error

control.

The new procedure we advocate has been implemented on a specific software, which is

made up 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 [9] 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
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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.

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 (see

[8, 4].

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

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 Fig. (1).

Likewise, in Fig. (2), we plot the PDF of point source amplitudes before adding noise (grey

curve), after adding noise but before needlet filtering (thick black curve), and after filtering

with increasing j. For the high frequency needlet we considered, j = 38, filtering increases the

brightness by a factor greater than 4.

In Fig. (3), it is shown that for a given error rate, the empirical FDR is always below the

upper limit set by the theory.

In Fig. (4) we show the number of peaks that matches the true sources, which measures

the statistical power of the algorithm. These results show that the power of the procedure is

almost 100% in detecting bright sources - indeed, we have detected all input sources whose

brightness was above 1σ in the unfiltered simulated maps.

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 taht are taken to be

Poisson distributed, False Discovery Control has been shown to hold very much as predicted

as 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 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
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Figure 1: Signal plus noise maps: 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 Mexican needlet filtered map. The Mexican needlet parameters used are

j = 38, B = 1.2 and p = 1.

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).
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Figure 2: Needlet filtering increases signal-to-noise ratio: Histogram of signal ampli-

tudes at the location of the point sources, before adding noise (grey curve), after adding noise

but before filtering (thick black curve), and after filtering with the Mexican needlet at different

j. The Mexican needlet parameters used are B = 1.2 and p = 1.

2 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 and 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
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Figure 3: False Discovery Rate: FDR as a function of error rate α for different needlet

scales. The red curve is a plot of α ∗FDP (u = 3), while the black curve is the mean from 100

Monte Carlo simulations. The gray shades are for percentiles 68, 95 and 99%. The number of

point sources is 5000. The Mexican needlet parameters used are B = 1.2 and p = 1.

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 develop-

ment 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.

• 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, [16] and [17]). 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
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Figure 4: Detection power: number of true discoveries for threshold u > 3 as a function

of needlet scales, j. The three curves are the mean of 100 Monte Carlo simulations for the

corresponding cases. The legend shows the number of input point sources in simulations. The

Mexican needlet parameters used are B = 1.2 and p = 1.

been thanks to MWA data. Fig. 2 shows flux densities for two representative sources of

the sample.

• 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 (see

Fig. 6). Also, modelling total intensity and polarization of our sample will be useful for

SKA simulators (T-RECS, [18]), 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 an 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

millimetre catalogues from dedicated observations of point sources to first cross-check

PCCS2 reliability to infer polarization properties. To this aim we performed a cross-
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Figure 5: Flux densities for two sources of the sample, indicated in the top labels, in a wide

frequency range.

Figure 6: Flux densities for two sources of the sample, indicated in the top labels, in a wide

frequency range.

match of catalogues, such as those by [19] at 86 GHz for a comparison with PCCS2 at 100

GHz (about 180 sources in common) and by [20] 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 reflects 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 [21].
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