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Abstract With the assistance of the identified/associated sourdbgisecond Fermi
Large Area Telescope (LAT) catalog, we analyze and restileespatial distribution
and the distributions of the gamma-ray spectral and vditialridices of the remaining
575 unassociated Fermi LAT sources. Consequently, it igesstgd that the unasso-
ciated sources could statistically consist of Galacticesnpva remnants/pulsar wind
nebulae, BL Lacertae objects, flat spectrum radio quasattoer types of active
galaxies with fractions of 25%, 29%, 41% and 5%, respegtivel
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1 INTRODUCTION

A routine whole-sky survey in the 100 MeV to 100 GeV band with Large Area Telescope (LAT;
Atwood et al. 2009) onboard thieermi Gamma-Ray Space Telescope has been carried out since
the science phase of the mission began in August 2008. Byznglthe observational results of
the first 24 months, the Fermi LAT Collaboration publishee siecond Fermi LAT Source Catalog
containing 1873 gamma-ray sources (Nolan et al. 2012).t@féarts have been made to identify
the LAT sources by periodic emission or variability cortala with other wavelengths, and also to
provide associations for many more LAT sources with presigamma-ray catalogs and with likely
counterpart sources from known or suspected source cl@sassd on Bayesian probabilities in a
LAT error box). As a result, 1298 LAT sources have been idieatias or associated with pulsars,
supernova remnants (SNRs), pulsar wind nebulae (PWNe&atdaactive galaxies (AGs), etc (see
Table 1). However, nearly one third of the LAT sources aié wticlassified (i.e. 575 out of 1873).
Such a situation is similar to that of the thietiergetic Gamma Ray Experiment Telescope (EGRET)
catalog (Hartman et al. 1999).

The difficulty in the identification/association of theseclassified sources arises because of
the location accuracy of the LAT sources, which is typicafigufficiently precise. In other words,
in a typical LAT error box, there are too many stars, galaxiesay sources, infrared sources and
radio sources. Therefore, besides the source positiong mfmrmation is required to determine
the nature of the unassociated LAT sources, including teetsgl information, time variability, and
availability of a plausible physical process at the souccprbduce gamma-rays with sufficiently-
high energy. Stephen et al. (2010) made such an attempt RatRQSAT catalog, which is useful
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Table 1 The Numbers of Identified/Associated Sources
in the Second Fermi LAT Catalog

Type No.
Pulsar 108
Pulsar wind nebula 3
Supernova remnant 10
Supernova remnant/Pulsar wind nebula 58
Globular cluster 11
High-mass binary 4
Nova 1

BL Lacerate object 436
Flat spectrum radio quasar 370
Active galaxy with an uncertain type 257
Non-blazar active galaxy 11
Radio galaxy 12
Seyfert galaxy 6
Normal galaxy 6
Starburst galaxy 4

in finding a positionally corrected, highly unusual objédwttmight be expected to produce gamma-
rays. As a result, 30 unassociated LAT sources are terliasuggested to be associated with a
ROSAT counterpart. More directly, Ferrara et al. (2012) propdbatl a comparison of the spectral
and variability indices between the associated and unadedcLAT sources can provide insight
into the likely classes of the unassociated sources. Foipauch a consideration, in this paper, we
provide statistics on the gamma-ray spectral and vartgliildices of the unassociated Fermi LAT
sources. Based on these statistics, we try to discover haw otamponents the unassociated sources
consist of and what these components could be.

2 SKY DISTRIBUTION OF THE UNASSOCIATED FERMI LAT SOURCES

The spatial distribution of the 575 unassociated Fermi Lalirses is presented in the left panel of
Figure 1, which exhibits an obvious concentration of thersesiin the galactic plane (GP). In more
detail, we show the latitude distribution of these sournahé right panel of Figure 1, where a spike
in the source number appears in the central0° of the Galaxy. Such a spike naturally indicates
a Galactic origin for a significant fraction of the unasstaisources. However, it should be noted
that the spike could also be partly contributed by some acfalactic nuclei (AGNs) because of the
anisotropic distribution of the identified/associated AGN

As shown in Figure 2, a big dip appears in the AGN number dhistidn, which is caused by the
limited/no coverage of the AGN catalogs in the GP (Ackermenal. 2012). Therefore, by consid-
ering the actual isotropic distribution of AGNs, an extrangmnent consisting of potential AGNs is
expected to exist in the unassociated sources. Accordihgtiitting to the latitude distribution of all
identified/associated AGNs in Figure 2, the number dengitigeopotential AGNs per square degree
as a function of galactic latitude can be empirically déssdliby the following Gaussian function

NpAGN (b) = npAGN,maxe_(b_Hb)2/2ag (1)

With npAGN max = 0.02 deg™2, up, = —1.6° ando, = 6.5°. Besides these potential AGNs, the
unassociated sources could still contain an isotropiadiyributed (ISO) componentand a GP com-
ponent. For a simple empirical description, we expresstineler densities of the ISO and GP com-
ponents by a constant and a Gaussian function, respectiledy, as shown in the right panel of



954 Z.Mao &Y. W. Yu

150 T T T T T

120

Total

90+

60~
GP component

Galactic Latitude

ISO component

307 . potential AGNs i

-90 - -30 0 30 90
Galactic Longitude Galactic latitude

Fig. 1 Left: the spatial distribution of the 575 unassociated souncgmlactic coordinatefRight:
the latitude distribution of all unassociated sources andrapirical fitting to the distribution with
three components as labeled.
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Fig. 2 The latitude distribution of the sources associated witiNa@Gwhich is empirically fitted by
the solid line. The dashed line exhibits an isotropic disttion for comparison.

Figure 1, the numbers of unassociated sources within éattin as a function of latitude can be
fitted by the following function

No(b) = [ngp,mxe*“*#b)?/ 290 4 niso + npAGN(b)] (27 cos bAb) @)

With nGp max = 0.07 deg™2, up, = 1.2°, 0, = 2.2° andniso = 0.007 deg—2, where the factor
27 cos bAb represents the sky area of each latitude bin.

Equation (2) indicates that the unassociated Fermi LAT cgrican be statistically separated
into three components including the GP, ISO and potentidlAGmponents, the fractions of which
are aboutfgp = 25%, fiso = 55% and foacn = 20%, respectively. The fractions are obtained
by integrating the densities over the whole sky. Roughl\akp®y, one quarter of the unassociated
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Table 2 Fitting Parameters for Distributions 6fandV

| r log V'

| w o w o
ISO-I 2.075 0.204 1.345 0.187
ISO-II 2.451 0.174 1.380 0.073
GP 2.440 0.207 1.364 0.132

sources have Galactic origins, while the other three qusasiee possible extragalactic sources. Of
course, such a conclusion can be somewhat modified by sorsarpuind some possible exotic

sources (e.g. due to dark matter annihilation (Zechlin &i$d2012)), which could be located in the

Galactic halo and contribute to the ISO component.

3 POSSIBLE NATURES OF THE UNASSOCIATED FERMI LAT SOURCES

As provided by the Fermi LAT collaboration (Abdo et al. 20Nylan et al. 2012), the gamma-ray
properties of the unassociated sources can be charadtesiZeur basic parameters of flu time
variability indexV, spectral indeX" and curvature index’, which quantifies the departure of the
spectrum from a single power-law shape. In this paper, weeradbasic assumption that a quantity
which reflects an intrinsic physical property of a sourcestgpould exhibit a normal or lognormal
distribution. However, due to the distance-dependence afd the possible flux-dependence(of
(Ackermann et al. 2012), these two parameters are not canesldo be good statistical quantities.
Therefore, we will only include the spectral and variakgilitdices,I' andV/, in our work.

3.1 The ISO Component

In order to reveal the possible nature of the ISO componeatselect the unassociated sources at
latitudes higher thafb| = 18°, the number of which isVy;, = 205. According to the fitting given

in the right panel of Figure 1, it is certain that all of the€bhigh-latitude (HL) sources are part of
the ISO component.

In Figure 3, we display the number distributions of the sgd@nd variability indices of the
205 HL/ISO unassociated sources by histograms. What de thissibutions tell us? Following our
basic assumption, the distributionslofindV are fitted simultaneously and tentatively by one, two
or three Gaussians. By comparison, the best fit is obtaingrtwo Gaussians, as shown in Figure 3.
The fitting function reads

RA_ -my?jeop A
oV 2w oV 2w

and the fitting parameters are listed in Table 2Rk 1.5. Here we would like to emphasize that
the ratioR between the numbers of the two Gaussian components shotiie [smame in both the
I" andV fittings. According to the above fittings, we can further safmthe ISO component into
two subcomponents, denoted by ISO-I and ISO-Il. Relativthéototal unassociated sources, the
percentages of the ISO-I and ISO-Il components can be astih@sfiso_1 = fISOHLR = 33%
and fiso_m1 = fISOHLR = 22%, respectively.

In the left panel of Figure 4, we draw a scatter plot for the PIL3ISO unassociated sources
in thel’ — V' plane and show thes2regions of the ISO-I and ISO-Il components by the rectangles
defined by Equation (3). As can be seen, most of the data aszembby the two rectangles, except
for the data at the far left and the top right corner. In thétiganel of Figure 4, nearly all of the

Niin = g~ tbmm)’ /20, 3)
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Fig. 3 The distributions of the spectrdkft) and variability ¢ight) indices of the 205 HL/ISO unas-
sociated sources, both of which are fitted by the sum of twosGans.
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Fig.4 Left: theI' — V distribution of the 205 HL/ISO unassociated sources, whisegectangles
represent the@regions of the ISO-1 and ISO-II componenRight: a comparison between the 2
regions of the ISO-I and ISO-II components with the identiféessociated sources [at > 18°
including blazars, AGs and pulsars.

identified/associated sources|idt> 18°, including BL Lacerate objects (BLOs), flat spectrum ra-
dio quasars (FSRQs), AGsand pulsars, are displayed in comparison with the obta2naggions

of the HL/ISO unassociated sources, which show that: (ipfathe sources with a large variability
are associated with AGNs, and the V-range of the unassdcsatgrces basically overlaps with the
region occupied by pulsars. (ii) THevalues of the HL/ISO unassociated sources are in good agre-
ment with those of most AGNs, but are somewhat higher thasgpsil At the same time, the offset
between thé-ranges of the BLOs and FSRQs is well reproduced by the 1S@HISO-11 compo-
nents. Therefore, we suggest that the classifications ofSfel and ISO-II unassociated sources
could be BLOs and FSRQs, respectively. Finally, (iii) actiog to the distribution of pulsars, in
principle, it cannot be ruled out that some sources clads#gethe ISO-I component are actually
pulsars. However, the scarcity of unassociated sourcésaniard spectrum, which should be usual

1 From a statistical view, we treat all of the active galaxieatthave uncertain type, non-blazar active galaxies, radio
galaxies, Seyfert galaxies, starburst galaxies and nayedakies with strong gamma-ray emission as active galaxies
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in pulsars, could indicate a low probability of pulsars floe unassociated sources. By ignoring the
possibility of being a pulsar, the numbers of unassociatedces which are candidates of BLOs and
FSRQs can be estimated to be

NBLO cand — Nunassoc(flsofl + .prGNfBLO) - 2357 (4)
NFSRQ cand — Nunassoc(flsofﬂ + prGNfFSRQ) - 165a (5)

whereNynassoc = 575, and the fractiongpro = 39% and frsrq = 34% are obtained by counting
the numbers of identified/associated AGNs. Additionalhg temaining sources in the potential
AGNs could be AG candidates, the number of which is about

NAG cand — ZvunassocprGrN(1 - .fBLO - fFSRQ) =31 (6)

3.2 The GP Component

As a similar treatment, we select the unassociated soutdesitades lower tharjp| = 8°, the
number of which isVy;, = 288. According to the fitting in the right panel of Figure 1, we knthat
the low-latitude (LL) sources could be dominated by the sesithat have a Galactic origin.

In Figure 5, we firstly display the distributions BfandV’ for the 288 LL unassociated sources
by the grey histograms. However, these distributions cadinectly reflect the intrinsic properties
of the GP component, because a significant fraction of the durees are actually extragalactic
sources. According to Equation (2), we can derive the péages of the different components in
the latitude range ob| < 8° asfLr,cp = 52%, fLL1so = 16% and fLr, pacn = 32%. Therefore,
the intrinsic distributions of' andV for the GP sources can be obtained by the following method

NGP bin = NVLL,bin — f150NV180,bin — fpAGNNpAGN, bin, (7)

whereNiso bin aNAN,aGN bin are the numbers of the ISO unassociated sources and pbfebig
in eachl’ orlog V bin. As aresult, the corrected distributiondodindl” with only the GP component
are presented by the dark yellow histograms in Figure 5, @lheo single-Gaussian fittings are
provided. The fitting parameters are also listed in Table 2.

In the left panel of Figure 6, we draw a scatter plot for the PB8inassociated sources in the
I" — V plane, where the@region of the GP component is presented by the rectangleaAde
seen, a remarkable number of data points are located belgemddtangle, in particular, in the low-
T" range, which is classified as the 1SO sources and potentidlsA@ the right panel of Figure 6,
we compare the®@region of the GP component with the identified/assocateddsiess including
pulsars, SNRs and PWNe. The comparison suggests that mibst ahassociated GP sources are
probably candidates of SNRs/PWNe, rather than the gegiesglected pulsars. The number of these
GP sources is

NSN/PWN cand — NunassonGP = 144. (8)

Additionally, the GP component may also contain some gkbalusters, because most identi-
fied/associated globular clusters are located in the belkfintorner of the 2 region, although
their number is not very large.

3.3 Identification Efficiency

In Figure 7 we present the identification efficiencies of BLESRQs, AGs, SNRs/PWNe and pul-
sars by comparing the numbers of identified/associatedceswrith unassociated ones, where the
potential AGNs are not considered in order to avoid the cazapbn in the GP.
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Fig.5 The distributions of the spectrdieft) and variability ¢ight) indices of the 288 LL unasso-
ciated sourcesgfey histograms) and the corrected distributions of only the GP compondatk(
yellow histograms). The solid lines provide a single Gaussian fitting to the Gltrees.
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Fig. 6 Left: thel'—V distribution of the 288 LL unassociated sources, wheregbtangle represents
the 2 regions of the GP componerRight: a comparison between the 2egion of the GP compo-

nent with the identified/associated sources that have ac@ataigin, including pulsars, SNRs and
PWNe.
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Fig.7 The percentages of the unassociated and identified/agsbcaurces classified as BLOs,
FSRQs, AGs, SNRs/PWNe and pulsars, where the cosmologioates are only considered for
|b] > 18° in order to avoid complications due to the potential AGNSs.
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Firstly, the identification efficiencies of BLOs and FSRQs emmparable to each other, whereas
the efficiency of SNRs/PWNs is much lower than the former twaes. Such a situation could be
understood as follows. On one hand, most BLOs and FSRQs sdy ka distinguished from other
types of sources by their characteristic rapid variabiliarge V). Moreover, the spectral energy
distributions of BLO and FSRQ emission usually peak at twergy bands, i.e. the IR to X-ray
band and the MeV to TeV band. The low-energy peak thus makesatively easy to find an IR
(e.g. D’Abrusco et al. 2013; Massaro et al. 2013) or X-rag.(ROMA-BZCAT sources; Massaro
et al. 2009) counterpart. On the other hand, for SNRs, twedyqf gamma-ray emission scenar-
ios have been widely investigated in literature, i.e. hadr@and leptonic scenarios (Blandford &
Ostriker 1978; Becker et al. 2011; Schuppan et al. 2012hérfarmer case, gamma-ray emission
is produced by neutral pion decay, whereas in the latterit@sey inverse-Compton scattering of
relativistic electrons on some seed photons. It could beebpl that, in the hadronic scenario, the
low-energy emission is probably negligible unless theeesame other emission regions. This makes
it difficult to find low-energy counterparts for the gamma-&N\Rs. In other words, the low identifi-
cation efficiency of SNRs may indicate that their gamma-raission is produced by hadrons. Very
recently, Mandelartz & Becker Tjus (2013) indeed claimeat thadronic emission can be found in
most Galactic SNRs. Future searches of TeV photons (e.g..BySES.) could be helpful for dis-
tinguishing these two scenarios, because in the leptoricaso the GeV and TeV photons have
different origins.

Secondly, our statistical classification indicates thatdé@ates of pulsars and AGs in unassoci-
ated sources must be very limited. In other words, the itleation efficiencies of pulsars and AGs
in the Fermi LAT catalog are close to unity, except for the @gion for AGs. Such high efficien-
cies could be due to (i) the plentiful multi-wavelength atvs¢ions of AGs, which provide sufficient
low-energy counterparts and (ii) the apparent gamma-résapans of pulsars which significantly
weakens the requirement of counterparts in other bandssagefor their identification.

4 CONCLUSIONS

According to their spatial distribution, 575 unassocidtedmi LAT sources can be separated em-
pirically into GP, ISO and potential AGN components, thecfians of which are 25%, 55% and
20%, respectively. By comparing the spectral and varigbilioperties of the different classes of
unassociated sources with identified/associated soweespnclude that the nature of the GP com-
ponent is probably SNRs/PWNe, while the ISO component cehdube separated into ISO-1 and
ISO-II subcomponents which are likely to be associated ®itDs and FSRQs, respectively. To be
specific, the 575 unassociated sources could statisticatigist of~144 SNRs/PWNe;-235 BLOS,
~165 FSRQs and-31 AGs, where the constituents of the potential AGNs in thea@&Rconsidered
to be the same as the identified/associated AGNs. The idexiifh efficiencies of BLOs, FSRQs
and SNRs/PWNe can further be estimated as 61%, 65% and 338p&ctevely, except for the GP
region where the efficiencies of BLOs and FSRQs become veryHg contrast, our result indicates
that the identification efficiencies of pulsars and AGs cdagldrery high. Anyway, the above conclu-
sions are only viable statistically. The existence of soragie sources cannot be ruled out, because
we cannot individually determine the nature of the unasdedisources. Nevertheless, statistical
classification may still be helpful for future identificatior association of the sources.
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