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Abstract: Investigations that were carried out over the last two decades with novel and more sensitive

instrumentation have dramatically improved our knowledge of the more violent physical processes

taking place in galactic and extra-galactic Black-Holes, Neutron Stars, Supernova Remnants/Pulsar

Wind Nebulae, and other regions of the Universe where relativistic acceleration processes are in

place. In particular, simultaneous and/or combined observations with g-ray satellites and ground

based high-energy telescopes, have clari�ed the scenario of the mechanisms responsible for high

energy photon emission by leptonic and hadronic accelerated particles in the presence of magnetic

�elds. Speci�cally, the European Space Agency INTEGRAL soft g-ray observatory has detected

more than 1000 sources in the softg-ray band, providing accurate positions, light curves and time

resolved spectral data for them. Space observations with Fermi-LAT and observations that were

carried out from the ground with H.E.S.S., MAGIC, VERITAS,and other telescopes sensitive in the

GeV-TeV domain have, at the same time, provided evidence that a substantial fraction of the cosmic

sources detected are emitting in the keV to TeV band via Synchrotron-Inverse Compton processes,

in particular from stellar galactic BH systems as well as from distant black holes. In this work,

employing a spatial cross correlation technique, we compare the INTEGRAL/IBIS and TeV all-sky

data in search of secure or likely associations. Although this analysis is based on a subset of the

INTEGRAL all-sky observations (1000 orbits), we �nd that there is a signi�cant correlation: 39 objects

(� 20% of the VHE g-ray catalogue) show emission in both soft g-ray and TeV wavebands. The full

INTEGRAL database, now comprising almost 19 years of public data available, will represent an

important legacy that will be useful for the Cherenkov Telescope Array (CTA) and other ground

based large projects.

Keywords: keV-TeV cosmic sources; INTEGRAL legacy data base; relativistic astrophysics

1. Introduction

In recent years, our knowledge of the most violent phenomena in the Universe has
progressed impressively thanks to the advent of new detectors for g-ray, on both the ground
and in orbit. At the furthest extremes of this observational energy window, we have now
discovered more than a thousand sources in the soft g-ray band (20–100 keV) and more
than 200 in the TeV band. At low energies, operating telescopes include INTEGRAL/IBIS,
Swift/BAT, and NuSTAR; the �rst is the one providing the most extensive and deepest
view of the galactic plane where many TeV sources are located, while the other two are the
most ef�cient in mapping and studying the extra-galactic sky.
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INTEGRAL 1 [1], which is the most relevant for the present work, was designed to
perform observations in the hard X-ray /soft g-ray energy range (15 keV–10 MeV), over a
30 � 30 square degrees �eld of view (FoV) with two main instruments IBIS [ 2] and SPI [3]
optimised for high angular and high spectral resolution, respectively. The simultaneous
monitoring at soft X-ray (3–35 keV) and optical (V-band, 550 nm) wavebands is carried out
with Jem-X and OMC [4,5].

The INTEGRAL Instrument Consortium comprised 26 companies that were located
across Europe and NASA; it was launched on a PROTON rocket on 17 October 2002 and,
after more than 19 years in orbit, all of its instruments are still fully working. The mission
has been recently extended up to the end of 2022, while a further extension up to 2025
is expected. For the purpose of the present study, the most important instrument is the
imager IBIS, which by combining all available observations can now reach � 0.2–0.5 mCrab
sensitivity (depending on the sky region observed) combined with good location accuracy
(� arcmin), large �eld of view (80 square degrees fully coded; 850 square degrees full-width
at zero response), as well as good timing (� 120� s accuracy) and spectroscopic capabilities
(spectral resolution of � 8% at 100 keV) [2].

On the other side of the spectrum, the current generation of Imaging Atmospheric
Cherenkov Telescopes (IACT) include MAGIC and VERITAS, in the northern hemisphere
and H.E.S.S. in the southern hemisphere. These instruments are now allowing imaging,
photometry, and spectroscopy of sources of high energy radiation with good sensitivity
about 10 mCrab in 50 h of observation time) combined with good angular (few arcmin)
and energy (DE/E � 10–20%) resolution. They typically work in an energy range spanning
between 50–100 GeV to about 100 TeV and they have a �eld of view of 3–5 degrees [6]. For
comparison, CTA will be about a factor 10 more sensitive than any of these instruments;
it will cover, with a single instrument, three to four orders of magnitude in energy range,
from about 100 GeV to several TeV. It will also reach an angular resolutions at the arcmin
level, a factor of few lower than current instruments. These characteristics, combined with
high temporal resolution (on sub-minute time scales, which are currently not accessible),
great pointing �exibility, and global sky coverage, will allow a major leap in the future of
GeV/TeV astronomy (for more information, see Actis et al. [7], Cherenkov Telescope Array
Consortium [8]).

Connecting the properties of sources that are seen at both these extremes is very
important, as it allows us to discriminate between various emission scenarios and, in turn,
fully understand their nature.

Combining INTEGRAL data with TeV information and MeV/GeV archival measure-
ments should be the most appropriate approach as it could provide an unprecedented
waveband coverage of more than nine orders of magnitude and could possibly allow to
discriminate between the leptonic or hadronic origin of the highest energy gamma-rays.
The observation of galactic objects in the TeV energy band can greatly contribute the
identi�cation of the source of cosmic rays. Based on energetic considerations, the best
candidates are supernova remnants (SNRs) that are able to accelerate particles at very high
energies; this will hopefully be con�rmed by the observation of gamma-rays of unambigu-
ous hadronic origin, as well as detection of neutrinos. CTA will provide a detailed view
of the acceleration sites as well as information on the propagation of these high energy
particles in individual sources. Therefore, the INTEGRAL archive can play an important
role in the analysis of the candidate accelerators.

In the case of extra-galactic astrophysics, CTA studies of blazars can lead to �rmly
establishing the origin and the production mechanisms of TeV photons from relativistic
jets. Additionally, in this case, the INTEGRAL database can be useful, as it will provide
essential information in terms of light curves and spectra, particularly for high energy

1 More information on the satellite and speci�c instruments, as well on the the INTEGRAL Science Operations Centre (ISOC at European Space
Astronomy Center ) can be found on the ESA webpage dedicated to the mission (https://www.cosmos.esa.int/web/integral/home, accessed on
May 3, 2021)

https://www.cosmos.esa.int/web/integral/home
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peaked objects, where it will give a signi�cant contribution in building their spectral energy
distributions (SED).

Finally, CTA is expected to discover many new sources, and their identi�cation and
study can bene�t from INTEGRAL current and future survey data, where unidenti�ed
and/or poorly known objects are continuously being followed-up in the X-rays and at opti-
cal/infrared wavelengths, not only for classi�cation purposes, but also for multiwaveband
characterisation.

Here, we provide an overview of the soft g-ray counterparts of TeV sources, as
observed by INTEGRAL, which is the instrument that is providing the deepest survey
of the Galactic plane and centre (12.5 Msec along the Plane and up to 52 Msec in the
Galactic centre at the end of the current AO, December 2021), where most TeV sources
have been discovered so far. Figure 1 illustrates the potential of INTEGRAL to provide
soft g-ray information for TeV sources: it shows an image of INTEGRAL Galactic Plane
Survey with some TeV source positions superimposed. A cross correlation between the TeV
on-line catalogue (http://tevcat.uchicago.edu/, accessed on 3 May 2021) and our latest
IBIS survey [9], indicates that around 15–20% of the very high energy (VHE) sources have a
counterpart in the soft g-ray domain; this fraction includes objects of various types, such as
X-ray binaries, pulsars/pulsar wind nebulae, and blazars, as well as some still-unidenti�ed
objects. INTEGRAL images, light curves, and spectra for all these sources represent a
useful source of information for current VHE observations and a strong legacy for future
projects, such as the CTA.

Figure 1. INTEGRAL image of a Galactic Plane region showing IBIS soft g-ray sources and positions of some TeV sources.

2. Cross Correlation Analysis and Soft g-ray/TeV Associations

Employing a spatial cross correlation technique that has been successfully used to
identify X-ray counterparts of high energy sources (e.g., Stephen et al. [10,11]), we compare
the INTEGRAL/IBIS (15 keV–10 MeV) [ 2] and TeV all-sky data in search of secure or
likely associations.

For the INTEGRAL database, we use the 1000 orbit catalogue [9], which lists 939 sources
that were detected in the 17–100 keV energy band above a 4.5s signi�cance threshold; the
catalogue is extracted from the mosaic of all observations that were performed by the IBIS
instrument up to orbit 1000, i.e., up to the end of 2010 and, therefore, only gives a glimpse
of the possible associations that are available now after 10 more years of measurements.
The reason why we only concentrate on the �rst eight years of data is due to problems that
are related to changes in the IBIS telescope performances over its lifetime (it is now almost
19 years in orbit); although these changes are small and quite expected, they nevertheless
imply a correction to be made on some data analysis tools, which are, at the moment, in
progress. In the future, the revised data analysis software should allow observations taken
many years apart to be summed up together without compromising the correctness of the
process.

For the TeV database, we used the TeV on-line catalogue considering only default
and new associations, which provides a list of 229 objects (by end of 2020). We note that
interesting sources, like Cygnus X-1, which is listed among candidate TeV objects, can be
studied in detail at both low and high g-ray energies by exploring the wealth of imaging,
spectral, and timing data that are available in the INTEGRAL archive. Figure 2 (left side)

http://tevcat.uchicago.edu/
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shows the distribution of sources in the two catalogues, where the deep coverage that is
present in both along the Galactic plane is evident.

The cross correlation technique consists of simply calculating the number of TeV
sources for which at least one INTEGRAL counterpart was found within a speci�ed
angular distance, out to a distance where all of the TeV sources had at least one softg-ray
counterpart. Because the positional errors are comparable for all of the sources in either of
the catalogues, the positional uncertainty was not used in the initial cross correlation, but it
would come into play in the more detailed analyses after the list of possible associations
was formed. To have a control group, we then created a list of 'anti-TeV sources', mirrored in
Galactic longitude and latitude, and the same correlation algorithm applied. Figure 2 (right
side) shows the results of this process. The solid curve shows that a strong correlation
exists, out to about 330 arcseconds, where only 2–3 false associations are expected to be, by
chance, coincidence, with the remaining being likely true ones.

Figure 2. (Left ) The distribution of TeV ( upper ) and INTEGRAL sources (lower ) showing the galactic
plane clustering. (Upper right ) The number of TeV-INTEGRAL spatial correlations (solid curve) and
the same for a `fake' set of TeV sources with positions mirrored in latitude and longitude (dashed).
(Lower right ) The difference between the two curves showing the number of `excess' correlations.

We found 37 possible associations, which reduces to 33 after we exclude the galactic
centre/ridge regions where associations are dif�cult to verify and a few clearly false
matches. In the top section of Table 1, we report, for each of these 33 likely associations,
their names, coordinates, and classes, as reported by the TeV and INTEGRAL catalogues,
respectively, being ordered by distance between the TeV and gamma excesses. It is evident
from the comparison of data from both catalogues that the majority of associations are
straightforward, but there are also a few cases that deserve to be studied in more detail, plus
some sources (see, for example, Crab Pulsar versus its nebula) for which it is sometimes
dif�cult to discriminate between emission regions that are seen at different wavebands. In
Table 1 we also highlight those sources that are marked as extended in the TeV catalogue.

At distances greater than 330 arcsec, chance correlations become increasingly more
important, although some true correlations may still be present above this threshold. A
number of these extra associations are worth further analysis; they are listed as extra
matches in the second part of Table 1 and are brie�y discussed in the following. To
enlarge the database we have also cross correlated the TeV catalogue with all sources
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�agged as having been seen by ISGRI in the INTEGRAL Reference Source Catalogue
(http://www.isdc.unige.ch/integral/science/catalogue, accessed on 3 May 2021). This
gives us 3 extra active galactic nuclei (AGN) which have been added to the list of sources
at the bottom of Table 1.

From our analysis, we �nd a total of 39 TeV sources having a soft g-ray counterpart in
IBIS catalogues, which suggests that around 20% of VHE objects have INTEGRAL coverage
and useful data over the 20–100 keV band. This implies that the INTEGRAL legacy (to
date, almost 19 years of observations as compared to the eight years of data used for the
1000 orbit catalogue) will be extremely important for any current or future TeV observations.
These 39 associations cover all types of VHE objects from galactic to extra-galactic, from
binaries, SNR, pulsar/pulsar wind nebulae systems to unidenti�ed objects and AGN of
various classi�cations. Some examples of these associations and the wealth of information
that INTEGRAL can provide are described and discussed in the following sections.

Table 1. Association of TeV sources with INTEGRAL/IBIS.

Name TeV Coord. † Class Name IBIS Coord. † Class
TeV RA Dec TeV IBIS RA Dec IBIS

Vela Pulsar 128.836 � 45.176 PSR Vela Pulsar 128.836 � 45.176 PWN; PSR
Crab Pulsar 83.633 +22.015 PSR Crab 83.633 +22.014 PWN; PSR
NGC 1275 49.950 +41.512 FR I NGC 1275 49.951 +41.512 AGN; Sey1.5

Markarian 501 253.468 +39.760 HBL Mrk 501 253.468 +39.760 AGN; BL Lac
BL Lacertae 330.680 +42.278 IBL BL LAC 330.680 +42.278 AGN; BL Lac

1ES 1959+650 299.999 +65.149 HBL 1ES 1959+650 299.999 +65.149 AGN; BL Lac
RGB J2056+496 314.178 +49.669 Blazar IGR J20569+4940 314.178 +49.669 AGN?

3C 279 194.046 � 5.789 FSRQ 3C279 194.047 � 5.789 AGN; QSO
HESS J1846-029 281.600 � 2.974 PWN PSR J1846-0258 281.602 � 2.974 SNR; PSR; PWN

H 1426+428 217.136 +42.673 HBL H1426+428 217.136 +42.675 AGN; BL Lac
RX J1713.7-3946 258.390 � 39.760 Shell RX J1713.7-3946 258.388 � 39.762 SNR

Crab 83.629 +22.012 PWN Crab 83.633 +22.014 PWN; PSR
HESS J1943+213 295.979 +21.302 HBL IGR J19443+2117 295.984 +21.307 AGN; BL Lac?
HESS J1813-178 273.400 � 17.840 PWN IGR J18135-1751 273.397 � 17.833 SNR; PSR; PWN

Cen A 201.360 � 43.012 FR I CEN A 201.365 � 43.019 AGN; Sey2
PKS 1510-089 228.217 � 9.106 FSRQ QSO B1510-089 228.211 � 9.100 AGN; QSO

4C +21.35 186.227 +21.379 FSRQ QSOB1222+216 186.226 +21.366 AGN; QSO
HESS J1833-105 278.396 � 10.572 PWN SNR 021.5-00.9 278.396 � 10.558 SNR; PSR; PWN
HESS J1808-204 272.155 � 20.427 UNID SGR 1806-20 272.164 � 20.411 SGR; T

PSR B1259-63 195.705 � 63.831 Binary PSR B1259-63 195.750 � 63.833 PSR; Be
LS 5039 276.563 � 14.820 Binary LS5039 276.563 � 14.848 HMXB; NS

LS I +61 303 40.142 +61.257 Binary GT 0236+610 40.132 +61.229 HMXB
Tycho 6.340 +64.130 Shell 4U 0022+63 6.321 +64.159 SNR

IGR J18490-0000 282.233 � 0.041 PWN IGRJ18490-0000 282.257 � 0.022 PWN; PSR
Cas-A 350.808 +58.807 Shell Cas A 350.866 +58.812 SNR

Mrk 421 166.079 +38.195 HBL Mrk 421 166.114 +38.209 AGN; BL Lac
MSH 15-52 228.529 � 59.158 PWN PSR B1509-58 228.477 � 59.138 PSR; PWN

SNR G054.1+00.3 292.633 +18.870 PWN PSR J1930+1852 292.585 +18.896 PSR
HESS J1844-030 281.172 � 3.093 UNID AX J1844.7-0305 281.158 � 3.144 ?(?)

HESS J1841-055 280.229 � 5.550 UNID J18410-0535 280.280 � 5.570 HMXB; XP
1ES 1218+304 185.360 +30.191 HBL SWIFT J1221.3+3012 185.343 +30.136 AGN; BL Lac
1ES 0033+595 8.820 +59.790 HBL 1ES 0033+595 8.969 +59.835 AGN; BL Lac
Eta Carinae 161.146 � 59.666 Binary Eta Carinae 161.196 � 59.755 XB

HESS J1837-069 279.410 � 6.950 PWN AX J1838.0-0655 279.508 � 6.904 PSR; PWN
Kookaburra(PWN) 215.038 � 60.760 PWN IGR J14193-6048 214.821 � 60.801 PSR; PWN

HESS J1616-508 244.100 � 50.900 PWN PSR J1617-5055 244.372 � 50.920 PSR

S5 0716+714 110.472 +71.343 IBL QSO B0716+714 110.366 +71.333 Blazar; 1
TXS 0210+515 33.575 +51.748 HBL Swift J0213.7+5147 33.564 +51.704 ?(?)

RX J1136.5+6737 174.125 +67.618 HBL SWIFT J1136.7+6738 174.241 +67.627 Blazar; 1
† Coordinates are at J2000; positional uncertainties for the TeV coordinates can be found at http://tevcat.uchicago.edu/, accessed on 3 May
2021, while, for those of IBIS coordinated, are listed in Bird et al. [9], Mereminskiy et al. [12] ; (?) unclassi�ed source.

http://www.isdc.unige.ch/integral/science/catalogue
http://tevcat.uchicago.edu/
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3. INTEGRAL/TeV Associations
3.1. Supernovae, Pulsars, and Pulsar Wind Nebulae

Supernova Remnants (SNR) and Pulsar Wind Nebulae (PWN) are historically known
to be sites of Cosmic Ray (CR) acceleration [13]. In addition, the detection of synchrotron
emission from keV to TeV has provided further evidence that charged leptons or hadrons
can be accelerated up to TeV energies, possibly via diffusive shock acceleration processes.
In the last two decades, data collected with instruments from space (e.g., AGILE, FERMI,
INTEGRAL) and ground (e.g., H.E.S.S., MAGIC, VERITAS), providing imaging and spectral
capability, have permitted new insights into the acceleration mechanisms responsible for
the production of the high energy photons to be obtained. In spite of the good sky coverage
and spectral resolution, leptonic vs. hadronic models are still under debate. One more
complication in the understanding of the high energy production mechanisms of the
sources detected in the GeV-TeV range, is the presence (or not) of a pulsar that is generated
at the time of the SN collapse, which is, in general, off-set, due to proper motion, with
respect to the SNR centre. The pulsar, with its strong magnetic �eld and spin, often
generates additional component(s) in some of the SNR spectral emission.

3.1.1. SNR View at Softg-ray and TeV Energies

It is well known that the expanding shells of supernova remnants are the sites of
cosmic rays accelerated up to PeV energies. This process manifests itself in intense non-
thermal radiation spanning many decades in photon energies from the radio to the TeV
wavebands. INTEGRAL/IBIS offers the opportunity to cover the relatively unexplored
soft g-ray window in at least some bright objects. Three SNR-shell associations are found
by the cross correlation analysis: Tycho, Cas-A, and RX J1713.7-3946, with the last showing
extended emission in the form of a ring like con�guration. The study of the shape of
the broad band spectrum as well as the morphology of these three objects measured by
INTEGRAL in conjunction with other observatories, provide clues for our understanding
of the details of cosmic ray acceleration and the radiation mechanisms at work in the
expanding shell of these remnants.

Figure 3 compares the INTEGRAL/ISGRI spectra of the Tycho and Cas-A SNR in the
20–150 keV band summing the data related to all observations performed during the �rst
1500 satellite orbits. For Tycho (black points in Figure 3) a simple power law with photon
index G= 2.2 � 0.5 and a 20–150 keV �ux of 1.2 � 10� 11 erg cm� 2 s� 1, �ts reasonably
well the high energy spectrum (errors in Figure 3 and elsewhere include statistical and
systematic uncertainties). However, in the case of Cas-A (red points in Figure 3), a steeper
power law of G= 3 � 0.1 (20–150 keV �ux of 4.9 � 10� 11 erg cm� 2 s� 1) is insuf�cient to �t
the data mainly due to the presence of a signi�cant excess around 70–90 keV, which we
attribute to the presence in the source of Titanium-44 (44Ti) decaying lines, likely located at
68 and 78 keV. Indeed, the addition of a single Gaussian line is highly required by the data
at a signi�cance level greater than 99.99%, but with the data used in the present work we
are not able to fully characterise the 44Ti line complex, due to the poor energy resolution of
the average IBIS spectra.

A more detailed analysis of the Tycho spectrum over a broader (3–100 keV) energy
band was presented by Wang and Li [14], who found a two component model �t comprising
thermal bremsstrahlung with kT � 0.8 keV plus a power-law with G � 3, i.e., not much
different to our �t when considering the limited energy band considered here. Based on
the diffusive shock acceleration theory, this non-thermal emission, together with radio
measurements, implies that in this remnant protons are accelerated up to hundreds of TeV.

The broad-band spectrum for Cas-A (thermal bremsstrahlung with kT � 0.8 keV
plus a power-law with G � 3.2) is similar to our previous result for the high energy
spectrum; in this case, Renaud et al.[15], using INTEGRAL data, were also able to resolve
the two 44Ti decaying lines at 68 and 78 keV and measure a 44Ti yield from the SNR
explosion of 10� 4 solar masses. Furthermore, the continuum emission seems to extend
beyond 100 keV. Cas-A has been observed with the MAGIC telescope [16], its spectrum in
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conjunction with the Fermi-LAT one, shows a clear turn-off (4.6 s) at the highest energies
in the 60 MeV to 10 TeV energy band, which can be described with an exponential cut-off
at Ec = 3.5(+ 1.6

� 1.0)stat(+ 0.8
� 0.9)sys TeV. This is expected in the diffusive shock acceleration theory,

which predicts a slowly decreasing spectral shape for the synchrotron radiation. This result
implies that, even if all the TeV emission was of hadronic origin, Cas-A could not be a
PeVatron at its present age [16].

Figure 3. INTEGRAL/IBIS unfolded spectra and the data to model ratio of the Tycho (black) and
Cas-A (red) over the 20–150 keV energy range. A simple power law �ts well the data of Tycho but it
is not suf�cient for Cas A data where an excess around 70–90 keV is clearly detected (see text).

The supernova remnant RX J1713.7-3946 provides, on the other hand, a nice example
of the imaging capability of INTEGRAL in the case of extended objects, since IBIS has,
for the �rst time, resolved its spatial structure in soft g-rays [17]. Figure 4a,b shows the
colour-coded image of RX J1713.7-3946 obtained in the 17–60 keV energy band: a clear
ring-like structure with � 24 arcmin radius is evident. Superimposed in green are the
surface brightness contours in the soft (0.1–2.4 keV) X-ray band mapped with ROSAT (top
panel, Pfeffermann and Aschenbach [18]) and in TeV g-rays that were obtained with the
HESS telescope (bottom panel Aharonian et al. [19]). The similarity of the images in soft
X-rays, soft g-rays and at TeV energies is striking, especially when considering the nine
orders of magnitude coverage in photon energies. The X-ray emission of RX J1713.7-3946
is most likely dominated by synchrotron radiation of electrons in the shell regions [ 20]
accelerated up to multi-TeV energies at the supernova shock [21].

More recently, Kuznetsova et al. [22] presented a more detailed analysis of the shell
morphology, as seen by IBIS, further highlighting the presence of two extended hard
X-ray sources that are spatially consistent with the northwest and southwest rims of RX
J1713.7–3946, i.e., the brightest parts of the SNR in Figure 4.Interestingly, Sano et al. [23])
found a good correlation between the X-ray intensity map and the presence of major CO/HI
clumps with mass greater than 50 solar masses interacting with the shock waves in the SNR.
The magneto-hydrodynamic numerical simulations show that the interaction between the
shock waves and the clumps generates turbulence that enhances the magnetic �eld and
synchrotron X-rays at the shocked surface of the clumps, and the enhanced turbulence
and/or magnetic �eld re-accelerates electrons to higher energies, providing TeV emission.
Thus, RX J1713.7-3946 represents a unique laboratory for the study of a core-collapse SNR
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that emits bright TeV g-rays and synchrotron X/soft g-rays that are caused by cosmic rays,
in addition to interactions with interstellar gas clouds.

Figure 4. Colour-coded image of RX J1713.7-3946 in the 17–60 keV energy band obtained with
INTEGRAL/IBIS with superimposed in green the surface brightness contours in the soft (0.1–2.4 keV)
X-ray band mapped with ROSAT (top panel) and in TeV gamma-rays obtained with the H.E.S.S.
telescope (bottom panel). The coordinates are in RA/Dec. INTEGRAL picture of the month for
April 2008 (https://www.cosmos.esa.int/web/integral/pom-archive, accessed on 3 May 2021) and
Krivonos et al. [17]).

3.1.2. Softg-ray Pulsars/PWN with TeV Emission

Among the several pulsar/PWN systems emitting at high energies, only four pulsars
are reported in the TeV catalogue, and two of them are also clearly detected by INTEGRAL:
Vela and Crab. They have both been extensively studied at soft g-ray energies and their
broad band properties, including the VHE emission, is discussed in a review conducted by
Kuiper and Hermsen [24]. Regarding instead PWN, approximately 11 such systems are
detected in common by INTEGRAL and TeV telescopes (see Table 1), the uncertainty being
due to a few sources where the IBIS/TeV association is not straightforward. For example,
the PWN that is associated with the Vela pulsar (named Vela X) has not been picked up by
the cross correlation analysis, probably due to the complex morphology of this system at
very high energies.

Indeed, an extended emission of about 0.8 degrees radius, located south of the Vela pul-
sar, has been observed with H.E.S.S. [25]. From observations with INTEGRAL/IBIS, Mat-
tana et al. [26] claimed the detection of a spatially extended emission above 18 keV, after the
subtraction of the main radiation from the pulsar. The morphology of this emission appears
less extended than the source observed at TeV energies and it is consistent with the size of
the X-ray cocoon observed at lower energies (see e.g.,Mangano et al. [27], Slane et al. [28].
This suggests that INTEGRAL has actually observed both the pulsar and emission associ-
ated with the Vela-X PWN.

https://www.cosmos.esa.int/web/integral/pom-archive




A new algorithm, named the biscuit cutter method, has been developed2 with the aim of achieving the results of the 
cross-correlation method above but in a fraction of the time. This method again makes use of prior knowledge of the 
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pixels a series of difference masks can be calculated. Then after the first full image weight has been calculated, 
subsequent images only require the application of a difference mask. At this point we effectively have a very fast 
cross-correlation with single-pixel precision; to improve precision it is only necessary to produce difference masks 
representing equal subdivisions of a full pixel. The precision is set by the number of pixel subdivisions, which is only 
limited by the memory required to store the masks. 

 
 

Figure 7 Biscuit cutter centre finding. In the first  row a reference mask is generated along with a series of 
difference masks. In the second row the raw fibre image is multiplied with the mask and the resulting intensity 
summed. This result is then combined with the difference masks until the combination with the highest value is 

found. This can be repeated in both the x- and y-directions. 
 

 
All four methods described above have been prototyped using identical test image sets and computer software. With 
the realistic image sizes and pixel scales all methods are able to produce acceptable results for good quality images, 
but assuming knowledge of the fibre core diameter the biscuit-cutter method enables very fast (comparable with the 
simple centroid method) and also robust and reliable fibre-centre finding. The absolute accuracy is quite difficult to 
measure, but a comparison of the results shows very good agreement between the cross-correlation and biscuit-cutter 
methods but indicates varying offsets of up to 3µm for fibres at the edge of the camera image for the centroid and 
parabolic fit methods compared to the other two methods. 
 

 Offset due to tilted 
input illumination 
(µm) 

Measurement 
noise  
(µm) 

Speed  
(msec) 

Pre-processing task   12.2 
Simple centroid 0.2 0.07 0.14 
Parabolic fit 0.21 0.05 2.39 
Cross-correlation 0.18 0.05 98.7 
ÒBiscuit cutterÓ 0.17 0.05 0.18 

 
 

Table 1 Comparison of fibre centre-finding techniques. 
 








































