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ABSTRACT

Aims. We have analysed all the X-ray images centred on Gamma Ray Bursts generated by Swift over the last 15 years
using automatic tools that do not require any expertise in X-ray astronomy, producing results in excellent agreement
with previous findings. This work, besides presenting the largest medium-deep survey of the X-ray sky and a complete
sample of blazars, wishes to be a step in the direction of achieving the ultimate goal of the Open Universe Initiative,
that is to enable non expert people to fully benefit of space science data, possibly extending the potential for scientific
discovery, currently confined within a small number of highly specialised teams, to a much larger population.
Methods. We have used the Swift_deepsky Docker container encapsulated pipeline to build the largest existing flux-
limited and unbiased sample of serendipitous X-ray sources. Swift_deepsky runs on any laptop or desktop computer
with a modern operating system. The tool automatically downloads the data and the calibration files from the archives,
runs the official Swift analysis software and produces a number of results including images, the list of detected sources,
X-ray fluxes, SED data, and spectral slope estimations.

Results. We used our source list to build the LogN-LogS of extra-galactic sources, which perfectly matches that estimated
by other satellites. Combining our survey with multi-frequency data we selected a complete radio flux-density limited
sample of High Energy Peaked (HBL) blazars. The LogN-LogS built with this data-set confirms that previous samples
are incomplete below ~ 20 mJy.

Key words. galaxies: active — X-rays:galaxies — Methods: data analysis — Astronomical data bases:catalogues

1. Introduction

X-ray sky surveys have been playing a major role in as-
trophysics ever since the early days of X-ray astronomy
(e.g. ). Outside the Galactic plane the
main population of X-ray sources is that of Active Galactic
Nuclei (AGN, ), both jetted and
non-jetted ( ), reflecting the fact that

X-rays trace both the accretion onto super-massive black
holes, and the radiation output of relativistic jets. In this
paper, which follows previous similar works by

( ) and ( ), we describe a serendip-
itous survey based on X-ray images taken when the Neil
Gehrels Swift Observatory ( , hereafter
Swift) was pointing at gamma-ray bursts (GRBs) during
its first 15 years of operations. Besides being based on the
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largest available data set, the main peculiarity of this sur-
vey is that it has been generated and cleaned in an auto-
matic way, without any visual or manual intervention. This
was done using the Swift_deepsky Docker pipeline, an in-
novative analysis tool developed in the context of the Open
Universe initiative ( , hereafter Paper 1),
that greatly simplifies X-ray image analysis and can be run
on most personal or desktop computers, even by users with
no experience in X-ray astronomy.

Since GRBs explode at random positions in the sky, this
survey, after the removal of the target GRBs, constitutes
an unbiased medium-deep view of the serendipitous X-ray
sky that is suitable for population studies and for the esti-
mation of the cosmological properties of cosmic sources of
different types ( ). The main improve-
ment of this survey compared to ( ) and

( ) is a significant increase in the covered area,
rather than reaching higher sensitivity. This is because the
amount of exposure time dedicated by Swift to GRBs was
largest at the beginning of the mission, and because the
need to avoid human intervention in the flagging of spuri-
ous sources, especially in the deepest exposures close to the
limits of the instrument, reduces the sensitivity to values
that are somewhat above the theoretical limit.

In the following we concentrate on blazars, a remark-
able type of AGN that emits non-thermal and highly vari-
able radiation across the entire electromagnetic spectrum,
from radio waves to very high-energy ~-rays (see e.g.

; ), and likely also
high-energy neutrinos (

). This unlque
property among extragalactlc sources is due to the fact
that, in addition to radiating through the process of ac-
cretion onto the central super-massive black hole, that is
common to all AGN, blazars also emit powerful radiation
from a narrow relativistic jet that happens to be closely
aligned to the direction of the Earth ( ).

Blazars come in different types: Flat Spectrum Radio
Quasars (or FSRQs) whose optical spectrum shows broad
emission lines just like normal QSOs, and BL Lacertae ob-
jects (or BL Lacs) that show only very narrow lines or a
completely featureless optical spectrum. Blazars are fur-
ther classified according to the shape of their spectral en-
ergy distribution (SED) into low, intermediate, and high
energy peaked objects, LBL (or LSP), IBL (or ISP), and
HBL (or HSP) respectively, depending on the energy where
the power of their synchrotron emission peaks in their SED

). In this paper
we adopt the original HBL /IBL/LBL nomenclature.

One of the still poorly understood properties of blazars
concerns their cosmological evolution, which for BL Lacs
has been found to be different from that of all other types of
AGNs and star forming galaxies (see e.g.

). Early studies (

) based on small X-ray selected samples have
shown that BL Lacs, and in particular those of the HBL
class display no or even negative cosmological evolution.
This peculiar behaviour has been confirmed in radio flux
limited samples of the most extreme HBLs (

). More recently ( ) showed that even in
the case of a y-ray selected sample low-luminosity HBL BL
Lacs show strong negative evolution. Despite their extreme
rareness, HBL blazars play a crucial role in current and fu-

ture high and very-high energy ~-ray surveys, (

; ) and, likely,
in multi-messenger astrophysics ( , and
references therein). For the first time, we present an X-ray
survey that is large and deep enough to allow the selection
of a statistically complete flux-limited sample of blazars of
this type with radio flux-densities < 20 mJy.

This work is also a demonstrator that complex data
analysis projects can in principle be carried out by non
experts, one of the main goals of the United Nations Open
Universe initiative.

2. The Open Universe Initiative

Open Universe ( ) is an initiative under
the auspices of the United Nations Office for Outer Space
Affairs (UNOOSA) with the objective of making astronomy
and space science data more openly available, easily discov-
erable, free of bureaucratic, administrative or technical bar-
riers, and therefore usable by the widest possible commu-
nity, from professional researchers to all people interested
in space science and astronomy, including students, non-
professionals and amateur scholars of the subject. One of
the main goals of Open Universe is to contribute to increase
productivity of space research, and stimulate a significant
acceleration towards the democratisation of space science,
therefore contributing to the achievement of the United
Nations Sustainable Development Goals (SDGs)!. Another
goal is to contribute to the development of open data and
web interface requirements, so as to make space science
data more understandable and attractive (reducing for ex-
ample the problem of information overload, also known as
infobesity), implementing lesson learned and recommenda-
tions arising from behavioural economics findings (

; ), in a way to broaden the
consultation of smentlﬁc data and to bring new students
and unskilled people closer to science.

The initiative was proposed by Italy to the Committee
On the Peaceful Uses of Outer Space (COPUOS) in 2016,
and is now actively carried out by a number of Member
States and international institutions under the coordina-
tion of the United Nations Office for Outer Space Affairs
(UNOOSA). In line with the objectives of Open Universe
we have recently started a series of activities aiming at the
generation of transparent space science data products.

3. GRBs and Swift

The Swift satellite was conceived and specifically designed
as a panchromatic space observatory dedicated to the ob-
servations of GRBs, from the detection of the explosion
in the large field of view of its Burst Alert Telescope (BAT

) operating in the hard X-ray band, to
the fast and automatic follow up by means of the on-board
narrow fields instruments XRT ( ) and
UVOT ( ) operating in the soft/medium
X-ray and in the optical/UV bands, respectively.

GRBs are the most powerful transient sources in the
Universe. They are located at cosmological distances and
are detected at a rate of approximately one event per day
at random positions on the celestial sphere. Assuming that

! http://www.unoosa.org/oosa/oosadoc/data/documents/
2018/aac.105/aac.1051175_0.html
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GRBs radiate isotropically, their energy release in X-rays
and gamma rays lies in the range 10°" — 10°* erg. GRBs
consist of an intense and highly-variable emission in gamma
rays called prompt emission, followed by the so called af-
terglow phase, a long-lasting activity in which the observed
flux decreases with time and the emission energy shifts to
lower values (X-rays, optical, IR and radio bands). The
prompt phase usually lasts from milliseconds to minutes,
while the afterglow duration can be from hours to weeks.
There are no two GRBs detected so far with identical light-
curves. The prompt emission is non-repeating, non periodic,
highly variable and very energetic.

The study of GRBs and the modelling of their progen-
itors and emission mechanisms is possible thanks to the
many space and ground-based observatories operating in
different energy bands that have provided or currently pro-
vide large amounts of data, part of which can also be used
for other purposes, as in this paper.

During the first 15 years of operation, from shortly
after launch in late November 2004 till the end of 2019,
Swift observed with the XRT telescope over 1,300 GRBs.
A Hammer-Aitoff plot of their positions in Galactic coor-
dinates is shown in Fig.1.
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Fig. 1. Hammer-Aitoff plot in Galactic coordinates of all
the Swift-XRT fields centred on GRBs and observed in PC
readout mode. The 1,046 fields at Galactic latitude larger
then 10 degrees used for the extragalactic survey are shown
in red.

4. XRT data analysis

Following the approach adopted in Paper I we used the
Docker container? version of the Swift_deepsky pipeline
to analyse all the Swift-XRT observations pointing at
GRBs and carried out in Photon Counting (PC) read-
out mode (Burrows et al. )5; Giommi et al. 2019). The
Swift_deepsky software, bullt on top the official HEASoft
data reduction package 3, automatically performs the fol-
lowing tasks:

— low-level data and calibration files downloading from
one of the official Swift archives
— exposure maps and X-ray images generation

2 https://www.docker.com

3 https://heasarc.gsfc.nasa.gov/docs/software/
lheasoft

Log (exposure time) [s]
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Fig. 2. The exposure time of the stacked images centred on
GRBs as a function of time. A clear trend to lower expo-
sures with time is apparent reflecting the fact that GRBs
have been followed for longer times at the beginning of the
Swift mission.
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Fig. 3. Plot of the 0.3-10 keV XRT count-rate versus effec-
tive exposure time. The minimum detectable count-rate,

which determines the survey limiting sensitivity, is delim-
ited by the black dashed line.

— stacking of exposure maps and X-ray images

— pointlike source detection based on the slide-cell
and background determination methods built in the
XIMAGE package. In this process the detection thresh-
old is set to a probability of 10~ that the photon ex-
cess is due to a fluctuation of the background and to
a minimum signal-to-noise ratio of 2. These conditions
ensure that the expected number of false-positives due
to statistics is less than one every 10 fields.

estimation of the count-rates in three energy bands
(0.3-1 keV, 1-2 keV and 2-10 keV) based on the
XIMAGE/SOSTA tool

spectral parameters estimation based on the count-rates
in the three energy bands considered and on the amount
of Galactic absorption in the direction of each source.
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Fig.4. The sky coverage of the entire OUSXG survey
(dashed line) and that of the clean sample, limited to high
Galactic latitude (]b] > 10°) XRT fields.

At the end of the processing the software checks the
quality of the results flagging fields affected by excessive
background or other potential problems (for more details
see .
In most cases Swift pointed at each GRB several times,
to follow the evolution of the X-ray flux from the moment
of the prompt emission, until the source faded below the
XRT sensitivity limit. Since our goal is to detect faint X-
ray serendipitous sources, in order to maximise sensitiv-
ity all Swift-XRT observations pointing at the same GRB
were stacked into a single X-ray image, resulting in 1,332
summed X-ray fields centred on as many GRBs, 1259 of
which passed the quality check mentioned above.

At the beginning of the mission Swift followed most
GRBs with long and frequent exposures, in order not to
loose any details of the evolution of the X-ray emission. This
procedure was later optimised resulting in shorter observa-
tions on average. This trend is shown in Fig. 2 where the
exposure time of the stacked images is plotted as a function
of time. All X-ray images considered in this work can be
accessed from the Open Universe portal®, under the ”Swift
XRT” survey button which is based on the ” Aladin Lite” vi-
sualiser, developed at CDS, Strasbourg Observatory, France

( ;

4.1. Sensitivity limits

The OUSXG survey consists of over one thousand GRB
fields characterised by a very wide range of exposure times
and sensitivities. Fig. 3 illustrates how the minimum de-
tectable count-rate, resulting form the source detection pro-
cess described in the previous paragraph, changes depend-
ing on observation length. The limiting sensitivity is shown
by the black dotted line®, which, for exposures of up to
10,000 seconds, approximates a power law with slope of 1,
as in this range the X-ray images are photon limited, that is
the cosmic and instrumental backgrounds in the detection
area are close to zero. At higher exposures the background

4 https://openuniverse.asi.it
5 empirically calculated from the data shown in the figure.

level is no longer negligible, and the curve gradually flat-
tens until it reaches the slope of 0.5 at ~ 5 x 10* s where
the survey starts to be fully background limited.

To properly take into account the XRT sensitivity de-
pendence in different parts of the field of view and the
non perfectly overlapping images, we add the exposure
maps of the single pointings and we divide the resulting
stacked map into 1,600 sub images, 24x24 arc-seconds in
size, roughly matching the size of the XRT Point Spread
Function. The limiting sensitivity of each sub-image is then
estimated from the local minimum detectable count-rate
(as described above), converted to 0.5-2.0 keV X-ray flux
assuming a power law spectrum with energy index of 0.9,
absorbed by the amount of Galactic Hydrogen column (NH)
in the pointing direction. The overall sky coverage, that is
the total area of sky covered at any given sensitivity, is ob-
tained by summing the contributions of all sub-images of
all the GRB fields of the OUSXG Survey. Fig. 4 plots the
sky coverage for the cases of the full survey and for the
sub-sample of high Galactic latitude (]b| > 10°) fields.

5. The sample of serendipitous X-ray sources

The Swift_deepsky pipeline was run on all the 1,332 stacked
XRT fields using two Open Universe medium-sized Linux
machines located in Rome (ASI) and Pescara (ICRANet).
The processing was completely unsupervised and lasted less
than two days. The set of serendipitous point-like X-ray
sources that were detected in this process and passed the
automatic data cleaning procedure described in Paper I in-
cludes 30,952 objects, 27,568 of which are located at high
Galactic latitudes (|b] > 10°). The effective exposure time
at the position of each source is calculated taking into ac-
count the image exposure time, vignetting correction, and
CCD dead pixels and dead rows. This is obtained by stack-
ing the exposure maps of every pointing that contributes
to the stacked X-ray image. This sample, called OUSXG,
once the GRBs target of the observations are removed, is a
flux limited unbiased survey of the X-ray sky.

5.1. Comparison with other Swift XRT catalogues

A number of catalogues of serendipitous X-ray sources have
appeared in the literature. Among these we distinguish be-
tween general purpose, thematic, and survey catalogues.
The first ones (e.g.

) generally include all X-ray Sources detected by SWlft—
XRT (or other imaging X-ray telescope) up to a certain
date, typically several months before the publication of the
list. These are traditional catalogues that reflect the se-
quence of observations performed by the satellite but do
not provide accurate information about the area of sky cov-
ered as a function of sensitivity nor the many details that
are essential to control the observational biases resulting
from the complex scientific and guest observers programs
that determine the composition of the archive. Thematic
catalogues concentrate on a specific type of sources, like
for example blazars as in ( ), or GRBS
etc., while survey catalogues (e.g.

, and this work) are designed for the purpose of
statistical use and therefore pay attention to the need to
control observational biases and provide details about the
sky coverage as a function of sensitivity. So far, all these cat-
alogues have been generated by teams of experts and have
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Fig. 5. The sky coverage of the Swift GRB serendipitous
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Adapted from

104

T T T T T Ty

1000

100
T

N(>S) [deg?]

10-15 104 10-1
X-ray flux (0.5-2.0keV) [erg cm=2 s7]

10-16

10-

0.1

Fig.6. A comparison of the 0.5-2.0 keV X-ray LogN-LogS
of our Survey (red points) with that measured by Chandra
(solid line) and ROSAT (black filled circles). Adapted from

(2005).

been published with an irregular cadence of one every few
years. The approach presented in Paper I, and replicated
here in a survey context, constitutes an innovative type of
catalogue, that is more dynamical and potentially always
up to date, since the Swift_deepsky software provides the
possibility to update an existing catalogue by running the
software on new observations by anyone and on most com-
puters at any time.

5.2. Cross-matching with catalogues of known astronomical
sources

To identify at least a fraction of our serendipitous X-ray
sources we have cross-matched the OUSXG sample with
several astronomical source lists using a matching radius of
10 arc-seconds for the case of catalogues of point-like ob-
jects and 90 arc-seconds for clusters of galaxies. The largest
table used is the "million quasars” catalogue® (Milliquas,
version 6.4 ), which includes nearly two mil-
lion AGNs. This resulted in over 6,000 matches (or about
20% of the total), including sources with redshift up to
5.6. Since we are interested in finding blazars, we have
also cross-correlated our sample with the Open Universe
list of blazars, which combines the 5BZCAT (

), the 3HSP ( ), and the 4LAC

( ) catalogues, and is the

largest table of known blazars, obtaining only 34 match-
ing sources. In order to identify blazars that are still un-
catalogued we have cross-matched the sample with tables
of radio sources such as the NVSS (
or the SUMSS21 ( ) catalogues, result-
ing in nearly 900 matches. Tab.1 summarises the results
of the cross-matching with some of the main catalogues of
known astronomical sources, while Tab. 2 gives the num-
ber of OUSXG sources that are common to other recent
X-ray catalogues. The choice of a 10 arc-seconds match-
ing radius is somewhat larger than the typical positional
error of XRT serendipitous sources. We have chosen this
value to take into account the positional uncertainties of
the other catalogues, that can be up to a few arc-seconds.
Given the density of some of the catalogues this could lead
to a number of false positive matches. By using the tech-
nique of coordinates shifting of one of the matching tables,
we estimate that this problem is limited to ~1% or less.

5.3. Comparison with other X-ray surveys

In this section we compare the OUSXG sample to a number
of existing or upcoming X-ray surveys. Fig. 5, adapted from

( ), plots the sensitivity of the most im-
portant existing or upcoming X-ray surveys as a function of
the area of sky covered. The deepest fields, obtained invest-
ing several mega-seconds of exposure time of the largest op-
erating X-ray observatories like Chandra and XMM, reach
sensitivities well below ~ 10715 erg cm™2 s=! but cover
very small areas of sky, whereas the Rosat All Sky Survey
(RASS, ), still the only available all sky
survey, is relatively shallow, only reaching a flux limit of
a few times 107! erg cm™2 s~lin the 0.5-2.0 keV band.
Below ~ 10713 erg cm=2 s=! OUSXG (represented by the
dashed green line) is currently the largest survey available.
Even when the e-Rosita all sky survey ( )
will be completed, at fluxes of a few times 107!° erg cm ™2
s~1 OUSXG will still be complementary to it, since in this
sensitivity regime e-Rosita will only cover a relatively small
fraction of sky near the ecliptic poles, whereas the fields of
OUSXG are located in all parts of the sky.

% http://quasars.org/milliquas.htm
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5.4. The X-ray LogN-LogS of extragalactic point-like sources

We have used the OUSXG sample, limited to |b] > 10°, and
the corresponding sky coverage shown in Fig. 4 to build the
(integral) X-ray LogN-LogS of extragalactic sources down
to a flux limit of 1.5 x 107! erg cm™2 s~!'. Below this
flux the survey only covers a few square degrees of sky and
the automatic method used for the source detection starts
becoming not completely reliable. The results are plotted as
red symbols in Fig. 6 superposed to the estimations of other
X-ray satellites. The data is tabulated in Tab. 4. Given the
remarkably good agreement with previous findings we can
deduce that:

— the subset of serendipitous point-like X-ray sources with
flux > 1.5x 10715 erg cm™2 s7! in the 0.5-2.0 keV band
(26,217 objects) detected at Galactic latitude larger
than 10 degrees can be considered to be a statistically
well-defined sample affected by a negligible fraction of
spurious sources;

— the sky coverage shown in Fig. 4 is accurate and can be
used, together with suitable sub-samples, to investigate
the statistical properties of specific populations of X-ray
sources.

5.5. Serendipitous blazars

In this paper we exploit the nearly two orders of magnitude
better X-ray sensitivity of the OUSXG survey compared
to the RASS to correct the incompleteness of the largest
existing table of HBL blazars, the 3HSP sample (

).

In the following we limit ourselves to build a deep ra-
dio flux-density limited sample of HBL blazars and use it
to estimate its radio LogN-LogS. A detailed study of the
statistical properties (in particular the amount of cosmo-
logical evolution) of HBL blazars is the subject of a par-
allel paper (Chang et al. 2020, in preparation) where the
sample selected here will be combined with the larger (but
incomplete at faint radio flux densities) sample compiled
by ( ) using multi-frequency data and the
RASS survey (

Table 1. Results of the cross-matching of the clean sample
with catalogues of known objects

Table 2. Cross-matching between the clean sample and
recent catalogues of X-ray sources

Catalogue name  number of Percentage of
matches common sources
2SXPS™ 25,124 81.2
4XMM-DR9'® 2,001 6.5
Chandra CSC2'? 1,361 4.4
SACS?? 15,667 51
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Fig. 7. Simple scheme comparing the sensitivity ranges of
the RASS and the OUSXG surveys at ~ 1 keV to the SED
of different types of HBL blazars with radio flux density of
3mJy, close to the sensitivity limit of existing radio surveys.
Blazars of this radio flux-density and vpeax < 10'% Hz can
only be detected in the OUSXG survey and are therefore
missing in catalogues that require detection in the RASS.

6. A complete deep radio flux density limited
sample of HBL blazars

The availability of complete flux limited samples is essential
for the investigation of the cosmological properties of HBL
blazars, especially below ~20-30 mJy, where they appear to

7
Catalogue name type no. of  matching 8 ( ) ( )
matches radius (/) 9 (2019)

Milliquas V6.47 QSOs 6,038 10 10 ( )
5BZCAT®, 3HSP? 11 ( )
4ALAC'Y Blazars 34 10 12 ( )
Ascc! Stars 676 10 13 (1998)
Principal Galaxies 14 ( )
Catalog PGC*? Galaxies 25 10 15 ( ): ( )
NVSS!?, SUMMS21'*  Radio sources 889 10 16 7 ( ): ( )
Zwicky, Abell*® Clusters 17 ( ) ’
Plancksz, SWXCS'° of galaxies ~140 90 18 ( )

19

0 (2020)

(2015)
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Table 3. The list of HBL blazars in the complete radio flux-density limited sample.

Source name Blazar name Detected in Radio  Redshift X-ray flux Log(Vpeak)
RASS survey flux d. 0.5-2.0 keV
(mJy) (erg cm ™2 sfl)

&) (2 3) 4) (5) (6) (M
0OUSXGJ005224+5003.5 — no 9.1 0.53 2.97E-14 15.9
OUSXGJ005434—3846.2 — no 22.3 0.567 4.11E-14 15.4
OUSXGJ01043643401.3%° — no 3.6 0.49 1.65E-14 15.9
OUSXGJ015946+0900.0 3HSPJ015945.1+090002 no 9.9 0.63 3.78E-14 15.9
OUSXGJ021217—0221.9 3HSPJ021216.9—022155 yes 25.3 0.250 2.04E-12 17.1
0OUSXGJ022540—1900.5 3HSPJ022539.7—190035 no 5. 0.40 1.10E-13 16.2
OUSXGJ033405—3956.3 — no 4.2 0.31 2.95E-14 15.8
OUSXGJ035025+2709.9 - no 3.8 0.62 1.88E-14 15.9
OUSXGJ074420—6211.0 3HSPJ074419.1-621100 yes 48.7 0.38 2.75E-13 16.4
OUSXGJ075119—-0027.8 — no 26.5 0.27 1.58E-13 16.1
OUSXGJ080057+0732.5 3HSPJ080056.5+073235 no 8.1 0.44 1.19E-12 15.6
OUSXGJ083251+3300.1 3HSPJ083251.5+330011 yes 4.5 0.672 1.17E-12 2 18.0
OUSXGJ085543+1103.2 3HSPJ085542.8+110315 yes 14.8 0.300 6.66E-14 15.8
OUSXGJ085607+7118.8 3HSPJ085607.3+7118517 no 19.0 0.31 1.09E-13 16.1
OUSXGJ091652+5238.4 3HSPJ091651.9+523828 yes 139. 0.190 9.45E-13 16.3
OUSXGJ093430—1721.3 3HSPJ093430.1-172121 yes 29. 0.250 2.24E-12 16.3
OUSXGJ111803—1531.0 - no 6.5 0.47 1.80E-14 15.7
0OUSXGJ113428—-0702.1 — no 4.7 0.31 3.29E-14 15.6
OUSXGJ123205—1055.9 3HSPJ123205.0—105600 no 11. 0.19 1.44E-13 16.1
0OUSXGJ124231+7634.2 3HSPJ124232.3+763418 yes 8.8 0.48 3.15E-13 16.4
OUSXGJ125510+-2804.2 3HSPJ125509.8+280418 yes 1.7 0.69 1.20E-13 16.9
OUSXGJ154535—0019.4 3HSPJ154534.7—001928 yes 6.6 0.60 1.30E-14 15.7
0OUSXGJ2154134-0004.3% 3HSPJ215412.8+000423 no 4.3 0.217 3.00E-14 15.9

2Uncertain. ®More than one possible optical counterpart.

show strong signs of cosmological de-evolution (

; )-

Currently the largest compilation of HBL blazars is the
3HSP catalogue ( ), which includes over
2,000 objects. This sample, despite its large size, cannot
be used as such for statistical investigations because the
selection biases that led to the compilation of the list cannot
be controlled. This is not true for the subsample of ~ 1,600
objects that are detected in the RASS survey where the X-
ray selection biases can be taken into account, but only
for sources with radio flux density 2 20-30 mJy. That is
because the RASS survey is not sensitive enough to detect
the X-ray emission of faint HBL blazars with radio flux
densities close to the limits of current radio surveys (NVSS
and SUMSS21: ~ 2—5 mJy), unless their vpeax is very large.
The reason for this incompleteness is illustrated in Fig. 7,
where we see that HBL blazars with radio flux density of 3
mJy and Vpeax approximately between 101°Hz and 101°Hz
are expected to have X-ray fluxes that are well below the
sensitivity limit of the RASS survey (grey vertical line) but
well within the reach of the OUSXG survey (orange vertical
line). As shown in Fig. 6 the OUSXG survey instead is
reliable down to X-ray fluxes as faint as ~ 1.5 x 1071°
erg ecm~2 s71(0.5-2.0 keV), which corresponds to ~ 1 x
1071% erg em™2 s7lin vf(v) space at 1 keV. From Fig. 7
we see that the OUSXG survey (orange vertical line) can
easily include blazars that are as faint as 3 mJy at radio
frequencies and with vpea> 10'® Hz, therefore allowing
the selection of a statistically complete radio flux limited
sample of HBL blazars down to flux densities of at least 3
mJy.

We searched for previously unknown HBL blazars in our
survey by visual inspection of the SED of each OUSXG
source that matches a radio source in the NVSS or
SUMSS21 catalogues and with an X-ray to radio flux ratio
in the range observed in the sample of known HBL sources

). All SED data were retrieved using both
the VOU-Blazar tool ( ) and the SSDC
SED builder?'. In order to get objective Vpeax values for
our sources we use a newly developed deep-learning esti-
mator called DNNSed??. The tool uses the multi-frequency
(radio to «-ray) data available of each blazar, to estimate
Vpeak taking into account that some of the emission may
not come from the jet, but rather from the host galaxy or
from the so called ”"blue bump”. The algorithm has been
trained using all the blazars 1ncluded in the 5BZCat and
3HSP catalogues ( )
for which a robust vpeax value is avallable

The input to the DNNSed tool is a SED file retrieved
by means of the VOU-Blazars SED builder (

). This multi-wavelength data-set is then segmented
in 33 energy bins from radio to y-rays, depending on the
availability of experimental data. For a given SED the me-
dian and its variance are calculated for each of the bins
and fed into the neural network. From the comparison be-
tween the vpeax values estimated by the tool and those of
a set of blazars in a control sample, we verified that our
Vpeak Values are unbiased and reliable up to vpeax values
of ~ 5 x 10'"Hz, with a typical uncertainty of 0.5 dex.

2! https://tools.ssdc.asi.it/SED/
22 https://github.com/tglauch/DNNSed, Glauchetal.
inpreparation
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Finally, a visual inspection was carried out to validate the
HBL nature of each candidate. We realise that the uncer-
tainty in the determination of vpc.x and the presence of
spectral variability in poorly sampled SEDs might induce a
small level of mis-classification. Based on our long experi-
ence with blazars SEDs we feel that this potential problem
should affect no more than one or two sources in the sam-
ple. A more precise estimation of this effect would require
detailed simulations, which is clearly beyond the scope of
this paper.

The set of HBL blazars selected by us constitutes a ra-
dio flux limited sample that is statistically complete down
to the flux density limits of NVSS and SUMSS21 surveys.
It only includes 23 objects, which is indeed a tiny fraction
(<0.1%) of the total number of serendipitous sources in
the OUSXG survey, most of which are expected to be ra-
dio quiet QSOs ( ), reflecting the
extremely low space density of HBL blazars compared to
that of all other types of AGN.

Tab. 3 presents the sample of HBLs selected in this
work. Columns 1 and 2 give the OUSXG name of the source
and the 3HSP name, if the source is included in the 3HSP
catalogue; Column 3 specifies if the source was detected in
the RASS survey; column 4 gives the radio flux density at
1.4 GHz (or 0.8 GHz) from the NVSSS (SUMMS21) cat-
alogue; column 5 gives the redshift if available; column 6
gives the 0.5-2.0 keV flux, and the last column gives the
Vpeak as estimated by the DNNSed tool.

6.1. The radio LogN-Log$S of HBL blazars
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Fig. 8. The radio LogN-LogS of HBL blazars estimated us-
ing the sub-sample of 3HSP blazars included in the RASS
(blue filled circles) and that of the combined OUSXG and
RASS samples (red filled circles). A significant level of in-
completeness is clearly present in the 3HSP sample below
~ 20 mJy

A detailed analysis of the Cosmological properties of
HBL sources will be presented in a dedicated paper (Chang
et al. 2020, in preparation). Here we only derive their radio
LogN-LogS and compare it to the one presented in

( ), which was based on a sample with some degree

of incompleteness at low radio flux density values. The ra-
dio logN-LogS of our sample of HBLs is shown as red filled
circles in Fig. 8 together with that estimated using the sub-
sample of 3HSP blazars included in the RASS (blue filled
circles) and the data tabulated in Tab. 5. As expected, a
clear underestimation of the source density in the 3HSP
sample is clearly present at radio flux densities below ap-
proximately 20 mJy.

Table 4. Data for the X-ray LogN-LogS shown in Fig. 6

0.5-2.0 keV flux  Number density

erg cm ™2 57! deg™2
1.50 x10~ 661. + 8.5
2.38 x10715 403. + 3.0
3.77 x1071° 268. + 2.0
5.97 x1071° 171. £ 1.3
9.46 x10715 98. + 0.9
1.50 x10~ 14 53. + 0.6
2.38 x10714 26.5 + 0.42
3.77 x107 14 12.7 + 0.28
5.97 x10714 6.1 + 0.19
9.46 x10~ 14 3.1+ 0.14
1.50 x10713 1.55 + 0.10
2.38 x10713 0.82 + 0.07
3.77 x10713 0.40 + 0.054
5.97 x10713 0.19 + 0.042

Table 5. Data for the radio LogN-LogS of HBL blazars
shown in Fig. 8

Flux density Number density Number density

3HSP only RASS 3HSP-S

mJy deg_2 deg_2

3.50 527+0.14 x 1072 1.43+0.32x 1071
6.56 4244+0.12x 1072 6.224+1.21 x 1072
12.30 2.97+0.10 x 1072  3.38 +£0.41 x 1072
23.05 1.84 +0.08 x 1072  1.85+0.10 x 1072
43.21 9.48 +£0.56 x 1072 9.48 + 0.66 x 1073
81.00 4.374+0.37x 1073 4.374+0.43 x 1073
151.83 1.774+023x 1072 1.77+0.29 x 1073
284.60 8.63+1.60x107* 8.63+2.15x 107*
533.48 2.684+0.90 x 107*  2.68+1.38 x 107*
1000.00 8.78+5.07 x 107° 8.78 +£8.54 x 107°

7. Data products availability

As in the case of Paper I, all the data products generated
by this work comply with the principles of transparency
put forward by the Open Universe initiative, and are avail-
able as high-transparency digital data products in different
formats and in a variety of on-line services. In particular:

— All X-ray images in HIPS format are available from the
Open Universe portal under the ”Swift XRT” button,
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via the CDS Aladin visualiser ( ;

— The sky coverage of the survey and the catalogue giv-
ing the same parameters as in Paper I, which include
positions, integrated count-rates and fluxes in different
energy bands, spectral slopes, and four SED points, can
be retrieved from the Open Universe portal 23 24 25,

— The OUSXG sample can be queried using the on-line
query interface at BSDC?® and via VO services.

— The spectral data have been integrated into the
VOU-Blazars/VOU-SED tool, and in the SSDC SED
builder?”.

8. Conclusion

As part of the activities of the Open Universe initiative we
have used the Swift_deepsky Docker pipeline to process all
the X-ray images pointing at GRBs generated by Swift-
XRT over the last 15 years, from launch to the end of 2019.
Our results can be summarised as follows:

— The use of the Swift_deepsky pipeline, which does not
require any expertise in X-ray astronomy, associated
with effective cleaning algorithms, allowed us to build
a sample of serendipitous X-ray sources that is suffi-
ciently clean to be used for statistical purposes without
any visual or manual intervention.

— Using an X-ray flux limited sub-sample of approx-
imately 26,000 high Galactic latitude sources, we
have calculated the X-ray LogN-LogS of extragalactic
sources, and showed that it is in excellent agreement
with previous measurements.

— We have built a deep radio-flux limited sample of 23
HBL blazars that, combined with larger (and brighter)
samples selected using the RASS survey, is suitable for
detailed statistical analyses to be presented in a future
paper (Chang et al. 2020, in preparation).

— The radio LogN-LogS of our sample of HBL blazars
shown in Fig. 8 clearly implies that the 3HSP sample
(and likely all previous samples) of radio faint (f, < 20
mJy) HBL blazars suffer from significant incomplete-
ness. The cosmological properties of this type of objects
estimated with early samples selected in not very deep
X-ray surveys might need to be revised based on com-
plete samples that benefit of deep X-ray detections.

— All data, including the sky coverage of the survey, are
available through Open Universe and in other services.

HBL blazars are the rarest type of AGNs and there-
fore the selection of sizable samples requires large area rela-
tively deep X-ray surveys. Although OUSXG is much larger
than previous similar surveys, it only covers approximately
0.5% of the sky, and our complete sample of HBL blazars
is relatively small, including only 23 objects. Despite their
rareness jetted AGN, especially those of the HBL type, are
by far the largest population of sources in the high-energy

23 https://openuniverse.asi.it/0U4blazars/
Skycoverage0520Fullsurvey.txt

24 https://openuniverse.asi.it/0U4blazars/
Skycoverage0520HighBii.txt

% https://openuniverse.asi.it/0U4Blazars/ousxg.fits
26 http://vo.bsdc.icranet.org

2T https://tools.ssdc.asi.it/SED/

photon and likely neutrino extragalactic sky. Building large
samples of these objects is therefore an important contri-
bution to the future of high (MeV-GeV), very-high (GeV-
TeV) and extremely-high (PeV and beyond) energy photon
and multi-messenger astrophysics. Considering all Swift ob-
servations, that is not only those centred on GRBs, the area
of sky covered by the XRT telescope reaches about 10% of
the sky. The Swift-XRT archive therefore holds the poten-
tial for the discovery of about a few hundreds new faint HBL
blazars. Although the complex selection biases would make
this sample hardly usable for detailed statistical studies, it
would be very valuable for the reasons mentioned above.
The method presented here, which requires the visual in-
spection of the SEDs of all the candidates, would hardly be
applicable in the case of the full Swift archive, as it would
require a very large, probably unaffordable amount of man-
ual work. In the future we will search for these and other
types of blazars in the Swift and other databases using the
machine learning techniques that we are developing build-
ing on the experience of this work.

The methods put forward by Open Universe aimed at
simplifying access to space science data reducing or remov-
ing the need for specific expertise (in this particular case the
Swift_deepsky Docker container), combined with machine
learning techniques, will likely enable future exploitation of
large digital archives in accurate and affordable ways by an
ever increasing number of cross-discipline researchers, and
hopefully in the coming years a much larger community of
non-professional scientists.

Disclaimer. The views expressed herein are those of the authors

and do not necessarily reflect the views of the United Nations.

Acknowledgements. PG acknowledges the support of the Technische

Universitat Miinchen - Institute for Advanced Studies, funded by
the German Excellence Initiative (and the European Union Seventh
Framework Programme under grant agreement no. 291763).

CHB acknowledges the support of ICRANet and the Brazilian
government, funded by the CAPES Foundation, Ministry of
Education of Brazil under the project BEX 15113-13-2.

UBdA acknowledges the support of a CNPq Productivity
Research Grant no. 310827/2016-7 and a Serrapilheira Institute Grant
number Serra - 1812-26906. He also acknowledges the receipt of a
FAPERJ Young Scientist Fellowship.

AVP and OC are supported by the National Research Council
of Argentina (CONICET) by the grant PIP 616, and by the Agencia
Nacional de Promocién Cientifica y Tecnolégica (ANPCYT) PICT
140492. AVP and OC are members of the Scientific Research career
of the CONICET.

NS acknowledges the support of RA MoESCS Committee of
Science, in the frames of the research project No 18T-1C335.

RM acknowledges the financial support of INAF (Istituto
Nazionale di Astrofisica), Osservatorio Astronomico di Roma, ASI
(Agenzia Spaziale Italiana) under contract to INAF: ASI 2014-049-
R.0 dedicated to SSDC.

We thank the anonymous referee for useful suggestions that
helped us improving the paper.

References

Abdo, A., Ackermann, M., Agudo, 1., et al. 2010, ApJ, 716, 30

Abell, G. O., Corwin, H. G. J., & Olowin, R. P. 1989, ApJS, 1

Ajello, M., Romani, R. W., Gasparrini, D., et al. 2014, ApJ, 780, 73

Barthelmy, S. D., Barbier, L. M., Cummings, J. R., et al. 2005,
Space Sci. Rev., 120, 143

Boch, T. & Fernique, P. 2014, Astronomical Society of the Pacific
Conference Series, Vol. 485, Aladin Lite: Embed your Sky in the
Browser, ed. N. Manset & P. Forshay, 277

Bonnarel, F., Fernique, P., Bienaymé, O., et al. 2000, A&AS, 143, 33

Brandt, W. N. & Hasinger, G. 2005, ARA&A, 43, 827

Burrows, D. N., Hill, J. E., Nousek, J. A., et al. 2005, Space Sci. Rev.,
120, 165


https://openuniverse.asi.it/OU4blazars/Skycoverage0520Fullsurvey.txt
https://openuniverse.asi.it/OU4blazars/Skycoverage0520Fullsurvey.txt
https://openuniverse.asi.it/OU4blazars/Skycoverage0520HighBii.txt
https://openuniverse.asi.it/OU4blazars/Skycoverage0520HighBii.txt
https://openuniverse.asi.it/OU4Blazars/ousxg.fits
http://vo.bsdc.icranet.org
https://tools.ssdc.asi.it/SED/

Giommi, P. et al.: Swift-XRT survey of GRB fields

Chang, Y. L., Arsioli, B., Giommi, P., Padovani, P., & Brandt, C. H.
2019, A&A, 632, ATT

Chang, Y. L., Brandt, C. H., & Giommi, P. 2020, Astronomy and
Computing, 30, 100350

Condon, J. J., Cotton, W. D., Greisen, E. W., et al. 1998, AJ, 115,
1693

CTA Consortium. 2019, Science with the Cherenkov Telescope Array

Dai, X., Griffin, R. D., Kochanek, C. S., Nugent, J. M., & Bregman,
J. N. 2015, ApJS, 218, 8

D’Elia, V., Perri, M., Puccetti, S., et al. 2013, A&A, 551, A142

Evans, I. N., Primini, F. A., Miller, J. B., et al. 2020, in American
Astronomical Society Meeting Abstracts, American Astronomical
Society Meeting Abstracts, 154.05

Evans, P. A., Osborne, J. P., Beardmore, A. P., et al. 2014, ApJS,
210, 8

Evans, P. A., Page, K. L., Osborne, J. P., et al. 2019, arXiv e-prints,
arXiv:1911.11710

Flesch, E. W. 2015, PASA, 32, €010

Gehrels, N., Chincarini, G., Giommi, P., et al. 2004, ApJ, 611, 1005

Giacconi, R., Bechtold, J., Branduardi, G., et al. 1979, ApJ, 234, L1

Giommi, P., Arrigo, G., Barres De Almeida, U., et al. 2018, arXiv
e-prints

Giommi, P., Brandt, C. H., Barres de Almeida, U., et al. 2019, A&A,
631, A116

Giommi, P., Glauch, T., Padovani, P., et al. 2020, arXiv e-prints,
arXiv:2001.09355

Giommi, P., Menna, M. T., & Padovani, P. 1999, MNRAS, 310, 465

IceCube Collaboration, Aartsen, M. G., Ackermann, M., et al. 2018,
Science, 361, 147

Kharchenko, N. V. & Roeser, S. 2009, VizieR Online Data Catalog,
1/280B

Liu, T., Tozzi, P., Tundo, E., et al. 2015, ApJS, 216

Maccacaro, T., Gioia, I. M., Maccagni, D., & Stocke, J. T. 1984, ApJ,
284, L.23

Manch, T., Murphy, T., Buttery, H. J., et al. 2003, MNRAS, 342, 1117

Massaro, E., Maselli, A., Leto, C., et al. 2015, Ap&SS, 357, 75

Merloni, A., Predehl, P., Becker, W., et al. 2012, arXiv e-prints,
arXiv:1209.3114

Padovani, P., Alexander, D. M., Assef, R. J., et al. 2017, Astronomy
and Astrophysics Review, 25, 2

Padovani, P. & Giommi, P. 1995, ApJ, 444, 567

Padovani, P., Giommi, P., Resconi, E., et al. 2018, MNRAS, 480, 192

Paturel, G., Petit, C., Prugniel, P., et al. 2003, A&A, 412, 45

Planck Collaboration. 2016, A&A, 594, A27

Puccetti, S., Capalbi, M., Giommi, P., et al. 2011, A&A, 528, A122

Rector, T. A., Stocke, J. T., Perlman, E. S., Morris, S. L., & Gioia,
L. M. 2000, AJ, 120, 1626

Rector, T. A., Stocke, J. T., Perlman, E. S., Morris, S. L., & Gioia,
L. M. 2000, AJ, 120, 1626

Roming, P. W. A., Kennedy, T. E., Mason, K. O.; et al. 2005,
Space Sci. Rev., 120, 95

Sunstein, C. 2013, Simpler: The future of Government

Thaler, R. & Sunstein, C. 2008, Nudge: Improving Decisions about
Health, Wealth, and Happiness.

The Fermi-LAT collaboration. 2019, arXiv e-prints, arXiv:1902.10045

Turriziani, S., Fraga, B., & Giommi, P. 2019, MNRAS, 489, 3307

Urry, C. M. & Padovani, P. 1995, PASP, 107, 803

Voges, W., Aschenbach, B., Boller, T., et al. 1999, A&A, 349, 389

Webb, N. & al., e. 2020, A&A, submitted

Wolter, A. & Celotti, A. 2001, A&A, 371, 527

Zwicky, F., Herzog, E., Wild, P., Karpowicz, M., & Kowal, C. T. 1968,
Catalogue of galaxies and of clusters of galaxies

10



