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Abstract. Using archival as well as freshly acquired data, we assess the X-ray behaviour
of the Fermi/LAT vy-ray pulsars listed in the Second Fermi pulsar catalog, focussing on the
distance-indipendent y to X-ray flux ratios.

We collected photons from all the public observations that overlap the error box of
Fermi pulsars by all the major observatories currently operating in the soft X-ray band:
Chandra/ACIS, XMM-Newton, SWIFT/XRT and Suzaku. We re-analyzed all the X-ray data
in order to follow an homogeneous procedure.

We obtained that pulsars with similar energetics have F,/Fx spanning 3 decades. Such
spread is most probably stemming from vastly different geometrical configurations of the X
and y-ray emitting regions. With a 30 confidence level, we can also conclude that the young
radio-quiet (RQ) and young radio-loud (RL) datasets we used are somewhat different; sim-
ilarly our RQ and millisecond (MS) pulsars’ populations are different at a So- confidence
level. On average, MS pulsars have the smallest F, / Fy values while RQ pulsars the highest.
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The X-ray properties of the Fermi/LAT pulsars

In particular all MS pulsars have lesser values of F, /Fx than all the RQ ones.
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1. Introduction

The X-ray band can yield crucial informa-
tion on the pulsar physics, fundamental to
model both the thermal emissions and the non-
thermal one, and tracing the presence of pulsar
wind nebulae (PWNe).

Chandra’s exceptional spatial resolution
made it possible to discriminate clearly the
PWN and the PSR contributions while XMM-
Newton’s high spectral resolution and through-
put unvealed the multiple spectral components
which characterize pulsars (see e.g.[Possenti et
al.l2002); in particular, the non-thermal com-
ponent seen in the X-rays seems reminescent
of the spectral shape in the y-ray band (see e.g.
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Kaspi et al.|2004) although the extrapolation of
the X-ray spectra cannot account for the y-ray
fluxes (see e.g./Abdo et al.[2010b).

The Fermi Large Area Telescope (LAT)
changed dramatically the high-energy pulsars’
scenario estabilishing RQ pulsars as a major
family of y-ray emitting neutron stars. After
three years of all-sky monitoring Fermi/LAT
has detected 117 y-ray pulsars, half of which
are radio quiet (or - at least - radio faint) (Abdo
et al.[2013). Containing roughly equal num-
ber of RL, RQ and MS pulsars the Fermi sam-
ple provides, for the first time, the possibility
to compare the phenomenology of the three
groups of pulsars assessing their similarities
and their differences (if any).
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2. X-ray analysis

We consider all y-ray pulsars reported in
the second Fermi pulsar catalog (Abdo et al.
2013)). Our sample comprehends 117 pulsars of
which 34 are RQ, 43 RL and 40 MS.

To assess the non-thermal X-ray spectra of
Fermi pulsars, we used photons with energy
0.3<E<10 keV collected by all the major ob-
servatories currently operating in the soft X-
ray band: Chandra/ACIS (Garmire et al.[2003),
XMM-Newton (Struder et al.[2001; [Turner et al.
2001), SWIFT/XRT (Burrows et al.l[2005) and
Suzaku (Mitsuda et al.|2007). We selected all
the public observations that overlap the error
box of Fermi pulsars or the Radio coordinates.

Differently from the y-ray band, the X-ray
coverage of Fermi/LAT pulsars is uneven since
the majority of the newly discovered RQ PSRs
have never been the target of a deep X-ray
observation, while for other well-known y-ray
pulsars - such as Crab, Vela and Geminga -
one can rely on a lot of observations. To ac-
count for such an uneven coverage, we classify
the X-ray spectra on the basis of the available
public X-ray data, thus assigning: label 70~
to pulsars with no confirmed X-ray counter-
parts (or without a non-thermal spectral com-
ponent); label 1 to pulsars with a confirmed
counterpart but too few photons to assess its
spectral shape; label 2" to pulsars with a con-
firmed counterpart for which the data qual-
ity allows for the analysis of both the pulsar
and the nebula (if present). Moreover, we con-
sider an X-ray counterpart to be confirmed if:
X-ray pulsation has been detected, or X and
Radio coordinates coincide, or X-ray source
position has been validated through the blind-
search algorithm developed by the Fermi col-
laboration (Ray et al.[2011)) down to a few arc-
secs error box. Though we are aware that a
spatial coincidence with a serendipitous source
is possible, as a rough estimate and accord-
ing to X-ray LogN/LogS source distribution
at low/intermediate galactic latitude (Novara
et al.l 2006), we evaluated the probability of
finding a background source located inside a
typical Chandra error box less than 0.0005.
Such a probability raises of a factor ~50 when
we rely only on Suzaku observations due to
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the much worse spatial sensitivity of the tele-
scope. According to our classification scheme,
we have 50 type-0, 11 type-1 and 56 type-2
pulsars. In total 67 y-ray neutron stars (30 RLP,
19 MSP and 18 RQP) have an X-ray counter-
part.

Since the X-ray observation database is
continuously growing, the results available in
literature encompass only fractions of the X-
ray data now available. Moreover, they have
been obtained with different versions of the
standard analysis software or using different
techniques to account for the PWN contribu-
tion. Thus, with the exception of the well-
known and bright X-ray pulsars, such as Crab
or Vela, we re-analyzed all the X-ray data pub-
licly available following an homogeneous pro-
cedure. For each type-2 pulsar, we took into ac-
count the PWN contribution. First we searched
the literature for evidence, if any, of the pres-
ence of a PWN and, if nothing was found,
we analyzed the data to search for extended
emission through a radial brilliance study If
no evidence for the presence of a PWN was
found, we extracted photons from circular re-
gions containing ~95% of the pointlike source
counts: about 2” for Chandra/ACIS, 20 for
XMM-Newton and Swift and 1.3’ for Suzaku.
A case-by-case evaluation of the background
could slightly change these extraction radii. All
the datasets were then simultaneously fitted.
On the other hand, if a PWN was present, its
contribution was evaluated as follows. If the
statistic was good enough, we simultaneously
fitted spectra from the inner region, containing
both PSR and PWN, and spectra from the ex-
tended region surrounding it. The inner region
spectra were described by two absorbed (PWN
and PSR) powerlaws (plus, eventually, a black-
body), while the outer ones by a single (PWN)
powerlaw; the Ny and the PWN photon index
values were linked in the two (inner and outer)
spectra.

All the PSRs and PWNs have been de-
scribed with absorbed powerlaws; when sta-
tistically needed, a blackbody component has
been added to the pulsar spectrum. Absorption
along the line of sight has been obtained
through the fitting procedure but for pulsars
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with very low statistics we used values derived
from observations taken in different bands.

For pulsars with a confirmed counter-
part but too few photons to discriminate
the spectral shape (type 1), we evaluated
the unabsorbed flux by assuming a single
powerlaw spectrum with a photon index
of 2 to describe PSR+PWN, with an ab-
sorbing column obtained by rescaling the
galactic one (http://heasarc.gsfc.nasa.gov/cgi-
bin/Tools/w3nh/w3nh.pl) for the distance
(Abdo et al.J2013).We also assumed the PWN
and PSR thermal contributions to be 30% of
the total source flux (a sort of mean value
of all type 2 pulsars considered). For pulsars
without a confirmed counterpart we evaluated
an upper limit unabsorbed X-ray flux. We
assumed a single powerlaw spectrum with a
photon index of 2 to describe PSR+PWN and
the column density has been set as above. The
upper limit was evaluated as the flux yielding
a signal-to-noise of 3.

Details on the reduction and fit of the data
for each telescope, describing the tools we used
for each telescope, the cross-calibration stud-
ies and the counterpart detection and the spec-
tral fitting procedures, are provided in [Marelli
et al| (2011); Marellil (2012). Spectral results
for each pulsar are reported in Marellil (2012));
Abdo et al.| (2013).

3. Discussion and conclusions

The X-ray luminosity, Ly, is correlated with
the pulsar spin-down luminosity E (see e.g.
Possenti et al.|[2002). We are now facing a
different panorama, since our ability to eval-
uate pulsars’ distances has improved and we
are now much better in discriminating pulsar
emission from its nebula. For a detailed study
of the X-ray luminosities see [Marellil (2012).
Similarly, the y-ray luminosity, L,, is roughly
correlated with the pulsar spin-down luminos-
ity E through a double-linear relationship (see
e.g.Marelli et al.l2011)), expected in many the-
oretical models (see e.g. |[Zhang et al.|[2004;
Muslimov&Harding|2003)) and it’s shortly dis-
cussed in the Fermi LAT catalogue of y -ray
pulsars (Abdo et al.[2010a).
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Fig. 1. log(F,/Fy) histogram. The step is 0.5; hori-
zontal lines: RL pulsars; oblique lines: MS pulsars;
vertical lines: RQ pulsars. Only high confidence pul-
sars (type 2) have been used.

At variance with the X-ray and y-ray lumi-
nosities, the ratio between the X-ray and y-ray
luminosities is independent from pulsars’ dis-
tances. This makes it possible to significatively
reduce the error bars leading to more precise
indications on the pulsars’ emission mecha-
nisms.

Figure 1 reports the histogram of the F,/Fx
values using only type 2 (high quality X-
ray data) pulsars. The RL pulsars have <
log(F,/Fx) >= 2373, the RQ population
has < log(F,/Fx) >= 3.484 while the MS
pulsars have < log(F,/Fx) >= 2.310 (see
Table 1 for the main statistical parameters of
the logs of F,/Fx). Applying the Kolmogorof-
Smirnov test to type 2 pulsars’ log(F, /Fx) val-
ues we obtained that the chance for the RQ and
RL datasets belong to the same population is
0.000357. Similarly, the KS test applied on MS
and RQ type-2 pulsars give a probability of 1.9
x 10~7. We can conclude, with a 30~ confidence
level, that the RQ and RL datasets we used
are somewhat different; with a 5o confidence
level, we can say that our RQ and millisecond
pulsars’ populations are different. On average,
MS pulsars have the smallest F, / Fx values. In
particular all MS pulsars have lesser values of
F,/Fx than all the RQ ones. Recently, it has
been argued that some MSPs would have co-
located radio and y emitting regions, similar to
some high-E, young y-ray pulsars (Abdo et al.
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Table 1. Main statistical parameters of
log(F,/Fx) values for the three type 2 pulsars’
populations.

Pop Min Max  Mean St.Dev.
Value  Value
RQ 2.824 4810 3484 0491
MS 1324 2740 2310 0480
RL -0.529 3.708 2373 1.108

2010ct [Ravi et al.|2010). However, other mil-
lisecond pulsars don’t show such a co-location
of the two emitting regions so that we cannot
easily use this to explain the low F, /Fy values
measured for out entire MS sample. Anyway,
the apparent inconsistency we find between
RQ and MS pulsars makes more and more in-
teresting future studies on RQ MS pulsars (if
any).

Figure 1 clearly shows the scatter on the
F,/Fx parameter values, also for a given value
of E. Such an apparent spread cannot obvi-
ously be ascribed to a low statistic nor is related
to distance uncertainties. Such a scatter can be
due to geometrical effects. For both X-ray and
y-ray energy bands:

(1

where fy and £, account for the X and y beam-
ing geometries (which may or may not be re-
lated) and depend only from the viewing an-
gle and the magnetic inclination of the pulsar
(Watters et al./2009). With an high Than, the
very important scatter found for F,/Fx values
can be due to the different geometrical configu-
rations which determine the emission at differ-
ent wavelength of each pulsar. While geometry
is clearly playing an equally important role in
determining pulsar luminosities, the F,/Fx plot
makes its effect easier to appreciate.

A complete study of the selection effects
playing a role in this relationship are reported
in Marellil (2012). They concluded that the

Ly,X = 47Tfy,XF0bsD2
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y-ray selection introduced no changes in the
two populations, while the X-ray selection ex-
cluded objects both faint and/or far away; any
distortion, if present, is not overwhelming. The

observational panorama is quickly evolving.
The y-ray pulsar list is continuously growing

and this triggers more X-ray observations, im-
proving both in quantity and in quality the
database of the neutron stars detected in X and
y-rays to be used to compute our multiwave-
length, distance independent study. However,
to fully exploit the information packed in the
F,/Fx a complete 3D modeling of pulsar mag-
netosphere is needed to account for the differ-
ent locations and heights of the emitting re-
gions at work at different energies. Such mod-
eling could provide the clue to account for the
spread we have observed for the ratios between
v and X-ray fluxes as well as for the systemat-
ically higher values measured for RQ pulsars.
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