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ABSTRACT

Context. The nearby Large Magellanic Cloud (LMC) provides a rare opputy of a spatially resolved view of an external stamfilmg galaxy

in y-rays. The LMC was detected at 0.1-100 GeV as an extendedesoith CGRQEGRET and using early observations with fermi-LAT.
The emission was found to correlate with massive star-fiogmegions and to be particularly bright towards 30 Doradus.

Aims. Studies of the origin and transport of cosmic rays (CRs) eNtilky Way are frequently hampered by line-of-sight conéumsand poor
distance determination. The LMGters a complementary way to address these questions byireyediether and how the-ray emission is
connected to specific objects, populations of objects, amdtsres in the galaxy.

Methods. We revisited they-ray emission from the LMC using about 73 monthdgefmi-LAT P7REP data in the 0.2-100 GeV range. We devel-
oped a complete spatial and spectral model of the LMC emmis$tw which we tested several approaches: a simple gearakttescription,
template-fitting, and a physically driven model for CR-indd interstellar emission.

Results. In addition to identifying PSR J054®919 through its pulsations, we find two hard sources pasitip coincident with plerion N 157B
and supernova remnant N 132D, which were also detected aemekgies with H.E.S.S. We detect an additional soft sourakis currently
unidentified. Extended emission dominates the total flusnftbe LMC. It consists of an extended component of about treedfi the galaxy and
additional emission from three to four regions with degseale sizes. If it is interpreted as CRs interacting witleristiellar gas, the large-scale
emission implies a large-scale population-df~100 GeV CRs with a density 6f30% of the local Galactic value. On top of that, the three to fo
small-scale emission regions would correspond to enhageesnof the CR density by factors 2 to 6 or higher, possiblyesenrergetic and younger
populations of CRs compared to the large-scale populafiaralternative explanation is that this is emission from aresolved population of
at least two dozen objects, such as pulsars and their netrutagernova remnants. This small-scale extended emisama spatial distribution
that does not clearly correlate with known components of i€, except for a possible relation to cavities and supergshells.

Conclusions. The Fermi-LAT GeV observations allowed us to detect individual sesrin the LMC. Three of the newly discovered sources are
associated with rare and extreme objects. The 30 Doradigregprominent in Ge\y-rays because PSR J054919 and N 157B are strong
emitters. The extended emission from the galaxy has an eategh spatial distribution, and observations at highergéeg and in radio may help
to clarify its origin.

arxiv:1509.06903v2 [astro-ph.HE] 6 Nov 2015
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1. Introduction galaxy. The Small Magellanic Cloud (SMCifers a similar op-
portunity, but the galaxy is smaller, farther away, lessvact

The Large Magellanic Cloud (LMC) is a unique target for highin terms of star formation, and has a more complex and less

energy astrophysics. Given the sensitivity and angulaiuéen  favourable geometry (Scowcroft etlal. 2015). Other stamfog

of currenty-ray instruments, it is the best opportunity we have tgalaxies within reach of curremptray instruments are at least an

obtain an external and spatially resolved view of a stamfog order of magnitude more distant (e.g. M31, M82, and NGC 253;
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IAbdo et al[ 20108l d; Abramowski etlal. 2012) and have not be2nData selection
spatially resolved (in either the GeV or TeV domain).

In the Milky Way, hundreds of discrete objects offdi-
ent classes have been detected, together withsdi interstellar
emission over a broad range of spatial scales. Studies atGal
sources are often complicated by line-of-sight confusiuhia-
accurate distance estimates, however. In contrast, the b

The following analysis was performed using 73.3 months
of observations with thd=ermi LAT (mission elapsed time

239587200 to 432694964), primarily taken in all-sky survey
mode [(Atwood et &Il 2009). The data set was produced with

I the so-called Pass 7 reprocessed (P7REP) version of thé even

fers more modest prospects in terms of the number of deiecta%nalys'S af?d sglecnon criteria, which t_akes Into accotitts
sources, but it provides an outside and global perspective 0measured in flight that were not considered in pre-launch per

whole galaxy seen at low inclination, whose distance isrdetd2rmance estimates, such as pile-up and accidental cencél
mined at the percent levél (Pietrzynski el al. 2013). effects in the detector subsystems (Ackermannlet al. 2012a), an

; . pdated calibration constants, to includéeets such as the
N?ltﬁdw]g thedITMC myrays canf be a vglualqlT COmpltf';'rrnengegradation in the calorimeter light yield (Bregeon et 813).
to Milky Way studies on a variety of topics: particle accalers wisURCE class events were used in this work, excluding those

such as supernova remnants (SNRs), pulsars, and pulsar : .
nebulae (PWNe), with the possibility to find more rare and exoming from zenith angles_ larger than 2@D detected when the
ocking angle of the satellite was larger thar? 52 reduce con-

treme objects; diuse interstellar emission, which may show us=~" tion by at heri f the Earth. W sed
how a cosmic-ray population developed in another galaxy a Ination by aimospherig-rays from thé arth. We analyse
gether events converting in the front and back sectiorikeof

thus may be a useful test of our current theories on cosnyic- S
transport; indirect searches for dark matter, which presiim- LAT, but we checked that considering them separately does no

. o . : . alter the results. The analysis was performed using Scitoas
EiCc(;)rrtg[i)net'icgglzrmtgy:g;rgﬂcon:SBtrallnltS, alndl th?_gag)a \fgﬁi&; package v09r32p05 and using the P7TREPURCEV15 instru-
two subjects, the outside point of view may reveal how cosmi ent resSponse tflémtﬁ;ns (IRFs), all available from Heemi
ray sources and transport are related to the structure amerto mince ; upp;)_r ¢ en t rROI ific to the LMC defined
of a galaxy as a whole. Here, building a global picture will be {gg'ofof,) interest ( )dSpeC'(;C _O 8(6)894" VE%S?S(é,me
facilitated by the fact that the LMC was deeply surveyed ovép & UX square centred omx(6) = (80. AR )

: d aligned on equatorial coordinates (here and througheut
'g:)e fegﬁqt E;ﬁg?girg};; Imost all instruments that were able tog@iper, equatorial coordinates correspond to the JZOOOrmEp

From 11 months ofermiLAT continuous all sky-survey Event% c((j)ntglned |_Ir_1hth|s region were sele(;(tjed f(rjo_m :E.e d_ﬁtal S
observations, Abdo et all (2010c), hereafter Paper I, tedord€Scribed above. The energy range considered in this analys

the 33r detection of the LMC iny-rays. The source was spa-IS 0.2-100GeV; the lower energy bound is dictated by the poor
ngular resolution at the lowest energies. A counts mapef th

tially extended and its spectrum was consistent with the o X .

ser\)//edy-rays originating F;‘)rom cosmic rays (CRs) interactin§OI is shown in the top panel of Figl 1.

with the interstellar medium (ISM) through inverse-Compto

sc_;att(_ering, Brem_sstrahlung_, and hadronic interactionscbn- 3 Emission modelling

tributions from discrete objects such as pulsars were retlru

out at that time. The emission was found to be relativelyrgjro We aim at building a complete model for the spatial and spectr

in the direction of the 30 Doradus star-forming region; mgea- distribution of the counts in the ROI and energy range defined

erally, the emission seemed spatially correlated withetrmof above. As summarised below, we tested several possible ap-

massive star-forming regions, such as the ¢mission or the proaches, each providingftérent insights into theg-ray emis-

population of known Wolf-Rayet stars, and showed littlereer sion properties. All rely on a model-fitting procedure feliog

lation with the gas column density distribution. This waten a maximum likelihood approach for binned data and Poisson

preted as evidence supporting the idea that CRs are adegleratatistics. A given model consists of several emission azmp

in massive star-forming regions as a result of the large amsounents and has a certain number of free parameters. A distribu

of kinetic energy released by the stellar winds and superndion of expected counts in position and energy is obtained by

explosions of massive stars. In addition, the close confamm convolving the model with the IRFs, taking into account the e

of y-ray emission to star-forming regions suggested a relgtivgposure achieved for the data set that is used. The free param-

short GeV CR proton diiusion length. eters are then adjusted in an iterative way until the distrib
We now have over six times more data than were usedtian of expected counts provides the highest likelihoodheaf t

[Paperll and better instrument performance. In this paper, Weta given the model. Fits were made over the 0.2-100GeV

present a new analysis of the Ge\ray emission from the LMC. range with 17 logarithmic energy bins and usintf 6 0.1° pix-

The paper is organised as follows: we first introduce the skitta els. In the following, models are compared based on the maxi-

used in this work (Sedt] 2) and the models developed to a¢ccoarum value of the logarithm of the likelihood function, desabt

for the emission seen in the LMC region (S&tt. 3); then, togpr log L. The significance of model components or additional pa-

erties of the point-like sources found within the LMC bourids.  rameters is evaluated using the test statistic, whose ssipreis

are introduced and their identification or association witown TS = 2(logL - log Lo), wherel, is the likelihood of the ref-

objects is discussed (Selcl. 4); last, the extendesly emission erence model without the additional parameter or compo#ent

fromthe LMC is presented, and a possible interpretatioarimg summary of the likelihoods and numbers of degrees of freedom

of CR-induced interstellar emission or unresolved popuedf — of each model is given in Se€t. 8.5.

sources is given (Se¢dl 5). Throughout the paper, the distah

the LMC is assumed to lme= 50.1 kpc (Pietrzynski

and its inclination with respect to the line of sight is assalno

bei = 30° (van der Mare| 2006).

1 See httpyfermi.gsfc.nasa.ggssg
2 As reported below, using a larger ROI had no impact on thdtsesu
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itude of the LMC,b ~ —33, this foreground radiation is clearly
present as structured emission in the counts map. We mddelle
it using the template provided by thHeermi Science Support
Center,gll_iemv05revl.fit with free normalisation in the fit.

In the preparation of this templafe (Casandiian 2015), ames$
from gas in the LMC was removed, so that theay emission
fromthe LMC is not erroneously absorbed in the Galactitudie
emission model. Importantly, the LMC region is ndfezted by
the large-scale residual structures re-injected intoehweptate.

2- An isotropic background, which accounts for an approxi-
mately isotropic diusey-ray emission component and residual
CRs misclassified ag-rays in the LAT. The origin of the as-
trophysical emission is currently unclear and it may conoenfr
multiple sources, ranging from the solar system to cosnicég
structures al. 2015a). It was modelled udieg t
publicly available isotropic spectral modislo_sourcev05.txt
with free normalisation in the fit.

3- All isolated sources in the region that were previously
detected and listed in theermi-LAT second source catalogue
(2FGL, [Nolan et dl[ 2012). A total of seven sources fall into
the ROI defined above. Four of them were dismissed because
they are located within the LMC boundaries and may ac-
tually correspond to components of the LMC emission that
we aimed at modelling. Source 2FGL J0532/223 was ex-
cluded because its significance was too low (belaw, Jut
a source not listed in the 2FGL catalogue was found nearby,
at the position ¢,6) = (824°,-72.7°), with a TS above 100,

a power-law spectrum, and a variable flux. This additional
source is present in theermiLAT third source catalogue as
3FGL J0529.87242 [Acero et &l. 2015). The other field sources
are 2FGL J0438:07331 and 2FGL J0601-17037, the latter be-
ing associated with the radio source PKS 0600 and exhibit-
ing strongly variable emission. All three were included e t
model as point-like sources using the spectral shapesifigent
as most suitable in the 2FGL catalogue and leaving theirtsgdec
parameters free in the fit. We also included sources lyingideit
the ROI, up to a distance of 3to account for spillover of their
emission inside the ROI at low energies, where the poirgagbr
function has a degree-scale size. A total of ten such sourees
included in the model, with spectral shapes and parametexs fi
at the catalogue values.

All the components described above form the basis of the

emission model and are referred to as the background model.
Fig.1. Total counts map in the 0.2-100 GeV band and residuélhas a total of nine degrees of freedom (one for eadfusk
counts map after subtracting the background model destiibe emission template, three for 2FGL J06047D37, and two each
Sect[3] (top and bottom panels, respectively). Both maps hfor 2FGL J0438.67331 and 3FGL J0529-§242). We now de-
0.1° x 0.1° pixels and were smoothed with a Gaussian kernstribe the modelling of the excess signal that is not acealint
with oo = 0.2°. Colours are displayed on a square-root scalfar by this background model.
White lines are contours of the atomic hydrogen distributio
the LMC at a relative value of/& of the peak in the distribution

(see Secf3]3 for the origin of the data). 3.2. Analytic model

Starting from the background model, we first aim to describe
the remaining emission with a combination of point-like and
2D Gaussian-shaped spatial intensity distributions, regldiew
components successively.

Point-like sources can be identified if they have hard spectr
As a first step in the process of modelling the emission over thnd are bright enough, because the angular resolutiontathig
ROI and before developing a model for the LMC, we have tergies>10-20 GeV is relatively good and allows distinguishing
account for known background and foreground emission in tiigem from any extended emission. Inspection of #2® GeV
form of diffuse or isolated sources. These are: counts map suggested the presence of two such sourcesl(calle

1- The Galactic interstellar emission, arising from CRs irfP2 and P4 in the following), the significance and point-likke n
teracting with the ISM in our Galaxy. In theermiLAT energy ture of which was confirmed by subsequent analyses. In addi-
range, this emission is dominated by hadronic emission frem tion, one source was identified ag-aay pulsar from its char-
terstellar gas (Ackermann etlal. 20112c). Even at the Galtaiti  acteristic pulsations: the source called P1 in the follgnivas

3.1. Background model




LAT collaboration: A deep view of the Large Magellanic Cloud

Table 1. Point sources found in the LMC

Name Coordinates Error radius| Spectrum| TS
P1 85.0465, -69.3316 PLC 151
P2 84.43,-69.17 0.02 PL 96
P3 83.54,-67.54 0.06 PL 116
P4 81.13, -69.62 0.03 PL 28

From left to right, the columns list the name of the point seufP1 being firmly identified as PSR JO548919), equatorial coordinates, error
on the position, best-fit spectral shape fpower law, PLGpower law with exponential cuff), and the test statistic of the source. All values
correspond to the emissivity model. Position uncertainti@respond to a 95% confidence level.

Table 2. Emission components of the analytic model

Name | Coordinates | Error radius Size Spectrum| TS
Gl | 79.70,-68.55 0.2 195 +0.05° LP 905
G2 83.40, -69.15 0.r 0.7¢ + 0.0 PL 251
G3 83.10, -66.60 0.2 045 +0.10° PL 211
G4 74.20, -69.50 0.3 040 +0.10° PL 55

From left to right, the columns list the name of the 2D Gausgigensity distribution component, equatorial coordasadf the centre of the 2D
Gaussian, error on the positianparameter of the 2D Gaussian, best-fit spectral shapeg®uer law, LP=log-parabola), and the test statistic of
the emission component. Position uncertainties correbpma 95% confidence level, size uncertainties correspofd to

Table 3. Emissivity components of the emissivity model

Name | Coordinates | Error radius Size Spectrum| TS
EO 80.00, -68.00 0.5 3.0° LP 891
E1l 82.40, -68.85 0.4 0.6°+0.1° PL 276
E2 82.97, -66.65 0.2 0.4° +0.1° PL 270
E3 82.25, -69.25 0.2 0.3 +0.I° PL 276
E4 75.25,-69.75 0.4 0.6°+0.2° PL 120

From left to right, the columns list the name of the emisgigcibmponent, equatorial coordinates of the centre of the aDs&an emissivity dis-
tribution, error on the positiony parameter of the 2D Gaussian emissivity distribution,fiespectral shape (Ptpower law, LR-log-parabola),
and the test statistic of the emission component TtBdor E1 and E3 is that obtained when both components are tgther, see text). Position
uncertainties correspond to a 95% confidence level, sizertaioties correspond tarl

identified as PSR J054®919 (see Sedi._4.1), and its position This procedure resulted in an emission model with eight
was fixed to the position of the pulsar from optical obsepragi components: four point-like objects and four Gaussiarpsia
i i 12010). Starting from these three point-ldan- spatially extended components. In the following, this madsle
tributions to the LMC emission, an iterative procedure weadu referred to as the analytic model. The properties of all comp
to characterise the remaining emission. nents are summarised in Tablés 1 Bhd 2, and their layoutiss ill
mt]réted in Fig[2 (the positions listed in Talble 1 correspanthe
emissivity model described below; the positions corresiiumn
fto the analytic model are very similar and fully consisteithw
hem, as illustrated in Fid4). Point sources are labelledd
'}L4, and extended sources are labelled G1 to G4.

At each step, a scan over position and size of the new e
sion componentis performed to identify the source that iolexs/
the best fit to the data. For each trial position and size, tlie
model is multiplied by the exposure, convolved with the poi
spread function, and fit to the data in a binned maximum likeli
hood analysis for Poisson statistics. A power-law spestrape
is assumed for the new component (which turned out to bez&. Emissivity model
good approximation for most components). If the improveimen
of the likelihood is significant — which we defined & > 25 The difuse emission part of the analytic model includes a large-
— the component is added to the model and a new iterati®¢ale contribution, which is located close to the geomaitden-
starts. The process stops when adding a new component gieltie of the LMC disk and covers a large part of its area, ancethre
TS < 25. The subsequent step is to re-optimize the positions aweglll-separated smaller-size components. It is reasortalds-
sizes of the components, from the brightest to the faintetsirn.  sume that the extended sources correspond to populations of
The final stage is deriving bin-by-bin spectra for all comgats CRs interacting with the ISM, and we explored this posgipili
to check that the initially adopted power-law spectral shap With a dedicated modelling.
appropriate. If not, it is replaced by a power-law with expon Under this hypothesis, the emission model was refined by
tial cutoff or a log-parabola shape, depending on which providagdopting a more physical approach to determine the extended
the best fit and a significant improvement over the power-lamission components. In th€.1-100 GeV range, the interstel-
assumption (for the formulae of thefidirent spectral functions, lar radiation is dominated by gas-related processes, hadro

teractions especially (see for instance Ackermann|et 41280
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Table 4. Comparison of the emission models

Model |Og.£ TS Ngof i

Background -65219.9 - 9 -66°00'

Analytic -59167.7 | 12104.4| 45 I

Emissivity -59131.1 | 12177.6| 47 [

lonised gas- PSR J054066919 | -59462.1| 11515.6| 15 [

lonised gast 4 point sources | -59400.0 | 11639.8| 27 6800
All gas + PSR J05466919 -60062.3| 10315.2| 15 £
All gas + 4 point sources -59548.9| 11342.0| 27 ]

From left to right, the columns list the name of the model,
log(likelihood) values obtained in the model fitting (notlimding the
sum of counts term that is model-independent), correspgntist
statistic with respect to the background model, and the rurobde-
grees of freedom in the model.

-70°00"

-72°00'

The intensity in a given direction can be expressed as the-pro ey s ‘
uct of an emissivityy(E,), they-ray emission rate per hydrogen

atom per unit energy per solid angle (which depends on CR den-
sity and spectrum and on nuclear interaction physics), and a
drogen gas column density (assuming that all gas is peniaded L
the same CR flux). Instead of searching for a best-fit combina-  -es=oc:
tion of 2D Gaussian-shaped intensity distributions, weefore i
performed an iterative search for a combination of 2D Gamssi
shaped emissivity components, which, when multiplied whith

gas column density distribution of the LMC, provides thetbes
fit to the data. We refer to this second model as the emissivity
model. The gas column density map used in this work includes
atomic, molecular, and ionized hydrogen, and its prepamas [
described in_Paper I. For the dominant atomic and molecular .,
hydrogen species, the map is based on ATCA plus Parkes and
NANTEN data, respectively, assuming optically thin enossi

for atomic hydrogen, and a CO intensity te Eblumn density
conversion factor oKco = 7 x 10°°H, cm?/(K km s71).

In this context, the large-scale component G1 of the aralyti
model is interpreted as arising from a large-scale popriaf A 0 ST [
CRs spread almost uniformly across the LMC disk and inter- Right Ascension
acting with the gas. An assumption in building the emisgivit _ )
model is that there is a large-scale CR population in the LMEIg- 2. Charts illustrating the layout of the model components.
which is described with a 2D Gaussian emissivity distribati Point sources are indicated by green stars. The greensaote
initially centred on &, ) = (80.0°,—-685°) and having a fixed respond to the I= extent of the Gaussian emission components
width o = 3.0° (approximately the angular radius of the galaxy®f the analytic model (top) and to thed extent of the Gaussian
using a flat emissivity profile over the entire extent of the@M €missivity components of the emissivity model (bottom)eTh
was found to degrade the fit by 38 in Igf). We then searched Packground map is the total gas column density distribuition
for additional emissivity components on top of that. Themoett a@rbitrary units and a square-root scale.
is very similar to the technique used to build the analytideio
at each iteration, a scan over position and size is perfotmed
identify a new emissivity component that provides the besbfi
the data and a significant improvement over the previoua-iter ~As expected, this new approach results in a layout of the
tion. In the fits, a log-parabola spectral shape is assumatido components which is very close to that of the analytic model.
new component because it mimics a local interstellar eonissiThere are five extended emissivity components, labelled &6
spectrum in the-0.1-10 GeV range fairly well. After all compo- to E4, as listed in Tablg 3 and illustrated in Hij. 2. Howetweo,
nents were added, we re-optimised the positions and sizbg ofof them are adjacent and may well be one single component with
components, from the brightest to the faintest in turn,ludislg a shape thatis poorly fit by a 2D Gaussian function (companent
point-like sources (except P1). We also optimised the jposiif E1 and E3 in the bottom chart of F[g. 2). When we grouped the
the large-scale CR component and found a best-fit positasecl corresponding spatial templates into a single componsotas
to our initial choice. We then revised the log-parabola spéc ated with a power-law spectral model, we found that the fit was
shape assumption. All components could be described by-a simardly degraded (variation in lag < 1). We therefore group the
ple power law (see Se¢f. 5.2), except for the large-scalgpoemcomponents E1 and E3 of the emissivity model together in the
nent, which was found to be more satisfactorily described byfollowing, under the name BES3.
log-parabola or a tabulated function derived from the |ayzs One advantage of this method is that the emissivity model
emissivity spectrum (see Selct.]5.2). retains the small-scale structure that $hey emission may ac-

-68°00'

Declination

-72°00'
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Table 5. Best-fit spectral parameters of the point-like sources

Source Parameters Fo00 F1o00

P1 (PSR J05406919) r=19+01 (L0+0.2)x 105 | (1.3+0.3)x10°°
E.= 4.0+ 12GeV

P2 (PSR J05376910/N 157B) | T'=22+0.1 (0.9+02)x 105 | (L1+02)x 105
P3 (Unassociated) r=28+01 (52+06)x10° | (89+13)x10°
P4 (N 132D) [=14+03 (19+14)x 10 | (1.9+1.4)x 10°°

From left to right, the columns list the source identifier dise this work and in parenthesis the established or possimlmterpart (see text);
spectral parameters, a power-law photon index for all ssuptus the cut® energy for P1; and the energy flux in 0.2—-100 GeV and extragmla
to the 0.1-100 GeV range in MeV cAs™ units.

tually have, compared to the Gaussian morphologies of the aity modefl. The corresponding model maps in the 0.2—100 GeV
lytic model. The emissivity model provides a better fit thea t range for the background and LMC components are shown in
analytic model, with a dierence of 36 in logC for an additional the top and middle panels of F[g. 3, respectively, and a vasid
2 degrees of freedom, and therefore is the primary model usamlints map is plotted in the bottom panel of Eify. 3. The distri
in this work to represent the emission from the LMC. bution of residuals is satisfactory, with a mean close to zerd
balanced negative and positive residuals. The strongsisiuie
excess towardsy( 6) = (79.0°, —72.8°) corresponds to & S of
3.4. Template fitting 17.
The outcome of the analysis is insensitive to the size of the
In[Paperll, the emission model providing the highest likediti ROI; we repeated the analysis for larger fields of up to86°,
was a map of the ionised gas column density across the LM&Rd the significance of the various emission components ks we
With such templates from observations at other wavelengtes as the normalisations of the isotropic and Galactitude emis-
can compare hypotheses about the spatial distributioneof-th sion templates were not significantly altered. Since theré a
ray emission, which can provide clues about the origin of ttgdobal model and may be a source of systematics for the specifi
emission. I Papet |, this revealed a surprising corrataiche region of the LMC, we also ran an analysis where it$edent
y-ray emission with ionised gas, which traces the populatfon components (the various gas templates and the inverse46omp
young and massive stars, and a poor correlation with tots| gmodel) were fitted independently; the fit was not significantl
as could have been expected if CRs were almost uniformly dig}proved. Overall, the analysis is robust against the banzka
tributed in the LMC. model.

We revisited this result with the enlarged data set now avail o
able, and especially in light of the detection of point sesrc 4. Point-like sources

within the_LMC. we p_erf(_)rmed fits of the |on|s_ed g_as_anq.his section is dedicated to the four point sources foundiwit
total atomie-molecularionised gas column density distribu-

. ) - he LMC that are labelled P1, P2, P3, and P4 in Tdble 1.
2332’ du:;ngtggfci?nr%%nrgﬁfssoﬁeé:ﬁigggﬁﬁ:g dg}aeﬁ{ kvs%detailed below, P1 is unambiguously identified as pulsar
:EéR J054066919 through its characteristic pulsgeay emis-
ion. For the other sources, possible associations witlivkno
objects are discussed, based essentially on their pcsidiod
spectra.

The ionised gas template still accounts better for the data Figure[4 shows the confidence regions for the localisation
than the total gas distribution. The impact of the spin tempeof point sources P2, P3, and P4 (P1 has its position fixed to
ature used in the preparation of the atomic gas column densthiat of the pulsar in optical), plotted on top of a SHASSA H
map is negligible compared to thefidirence between the twosmoothed mdp For each source, we overplotted the positions of
templates. But the ionised gas template features a straigipe known SNRs and pulsars in the field, according to the SIMBAD
the 30 Doradus region that pushes sources P1 and P2 to naifltabase. Figurel 5 shows the best-fit spectral shape for each
gible TS values (P1 in particular is pushed down to a flux levedource, together with spectral points or upper limits otsdi
below the pulsed fraction of the signal, which is about 758%; sfrom fits in five individual bins per decade in the 0.2—200 GeV
Ackermann et dl. 2015b). The ionised gas template is thezefoang@. Table[5 summarises the best-fit spectral parameters of
inappropriate to model the PSR JO54919 point source and each source and provides the energy flux in the 0.2—100GeV
the extended emission at the same time, while the total gas tdband and its extrapolation to the 0.1-100 GeV band.
plate provides much poorer fits to the data than the emigsivit

or analytic model (dferences 0400 in logZ, for ~20 fewer best template and point sources combination cannot beitjgdmasily,

degrees of freedom). however, since models are not nested (Protassoviet al..2002)

4 SHASSA stands for Southern H-Alpha Sky Survey Atlas; more in
formation at http/amundsen.swarthmore.edu

5 Spectral points were computed assuming a power-law witld fixe
photon index 2.1 within each bin; upper limits correspon83%éo con-
The various emission models tested are summarised in Tafidénce level and were computed by searching for the flux iyigle
[. The model yielding the highest likelihood is the emissiwariation of logL by 1.35 from the optimum.

PSR J05406919 alone (because it is the only firmly identifie
source), or all four point sources listed in Table 1, witrefspec-
tral parameters. The resulting Idggare given in TablEl4.

3 The significance of the improvement over the analytic modéhe

3.5. Summary of all models
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4.1. P1: Pulsar PSR J0540-6919

Source P1 is detected with BS of 151 and found at a po-
sition that is consistent with that of pulsar PSR J058@19
(also known as PSR B0540-69). PSR J05@919 is a 50 ms
pulsar associated with the1100-year old SNR 054859.3
and PWN N 158A[(Seward etldl. 1984; Williams etlal. 2008;

IL_2014). With a spin-down luminosity Bf =
1.5 x 10%ergs?, it has the third largest spin-down power of
any pulsar currently known, right behind that of the Cralspyl
45x% 10%ergs?! (see the ATNF cataloglip

The possible contribution of this exceptional pulsar to the
observedy-ray signal from the 30 Doradus region was already
considered ih Papér |, but could not be secured: charagtekic
sations of the signal were not detected at a significant,lewvel
there was some confusion in the morphology of the region re-
garding the presence of a point source in the more extended
emission of the 30 Doradus region. PSR JO58@19 is now
unambiguously detected in Geyrays from its characteristic
pulsations. It is the firsy-ray pulsar detected in a galaxy other
than the Milky Way and the most distant known. A dedicated
paper [(Ackermann et BI. 2015b) reports more details abdsit th
newy-ray pulsar, such as phase-aligned lightcurves fledént
bands and a complete spectral energy distribution.

For consistency with the other sources discussed below, we
show in Fig[ the spectrum of the source obtained from P7REP
data. The best-fit spectral shape is a power law with expaient
cutaf, with a statistical significance at the-4evel for the cutdr.

4.2. P2: Coincident with PSR J0537-6910/N 157B

Source P2 is detected with BS of 96 and found at a posi-
tion which is consistent with that of pulsar PSR J058%910
(see Fig[¥). PSR J053%910 is a 16 ms pulsar associated
with the~5000-year old SNR 0537-%910 and PWN N 1578

The whole system presumably results from the explosion of a
~25M, 0O8-09 star and is likely associated with the OB as-
sociation LH99 [(Chen et &l. 2005; Micelotta etlal. 2009). The
pulsar was discovered from X-ray observatimet
[1998) and is the most rapidly spinning and the most power-
ful young pulsar known, with a spin-down luminosity Bf =
49x10%ergs?.

PWN N 157B was detected in TeYy-rays with H.E.S.S.

ietal. 2012, 2015). Itis the first and only PWN de-
tected outside of the Milky Way at these photon energieschvhi
can be explained by the enormous spin-down power of thepulsa
combined with a rich infrared photon field for inverse-Coompt
scattering. The emission in theermiLAT range is observed at
a level of~ 2-3x10'2ergcnt?s71, quite similar to that of the
TeV emission detected with H.E.S.S..

As shown in Fig[h, however, the spectrum of the source
is rather flat over the 0.5-100GeV range, with a photon in-
dex of 2.2:0.1. The origin of the emission is unclear. It may
come from the pulsar, the SNR, the PWN, or any combination
of those in unknown proportions. The nearly flat or even de-
clining spectrum seems hard to reconcile with emission from
a PWN alone: in a typical scenario, emission from a PWN in

Fig.3. Top and middle panels: model maps of the backgroutige Fermi-LAT range is expected to have a hard spectrum as it

components and LMC components of the emissivity model in

the 0.2—100 GeV band. Black dots indicate the positionsckba ¢ sed Manchester etldl. (2005) and the ATNF Pulsar Cataloipwers
ground sources in the field but outside the LMC boundaries (Se52 af http/www.atnf.csiro.afpeoplépulsafpsrcat.

Sect[3.11). Both maps havel0x 0.1° pixels and were smoothed 7 The complete nomenclature is LHA 120-N 157B but we use
with a Gaussian kernel with- = 0.2°. Colours are displayed N 157B for short. The same remark applies to N 158A, N 132D, N 11
on a square-root scale. Bottom panel: residual counts mityein and other sources discussed further down.

0.2-100 GeV range, after subtracting the fitted emissiviigah.
Colours are displayed on a linear scale. White lines are eléfin

in Fig.[.


http://www.atnf.csiro.au/people/pulsar/psrcat/
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probes the low-energy side of an inverse-Compton hump ped&ermiLAT range, the source has a hard spectrum with photon
ing at ~TeV energies. In that respect, the spectral model coimdex 14 + 0.3 and a dfferential flux of~ 10°°MeVcm2s?
sidered ir_Abramowski et al. (2015) for the TeV data does nat 100 GeV. In the H.E.S.S. band, thefeiential flux is~ 2 x
match our GeV observations at all. This situation is someéwhe0~" MeV cm2s7! at 1 TeV, with a photon index 2:0.3. If the
reminiscent of the Vela X PWN, for which GeV and TeV emisy-ray source is N 132D, its spectral energy distribution inmth
sions at similar levels were postulated to arise from twiedi ray domain may have a peak around 100 GeV, possibly a broad
ent populations of emitting particles (Abdo etlal. 2010b)eT one given the uncertainty on the spectral index in the 1-10 G
observed emission may also result from the superpositionrahge. The spectrum presented here is a fact@ above the

a pulsar’s curved spectrum peaking-at GeV and a PWN’s hadronic model considered(in Abramowski et al. (2015), Whic
spectrum ramping up and dominating-at0 GeV. The detec- may be accommodated by a modest tuning of the model param-
tion of pulsations from the source and an analysis offitpalse eters; in contrast, the leptonic model seems excluded keazu
emission would have been key to establish such a scenario. &much lower predicted flux and possibly also an inconsistent
searched for pulsations in theray signal in the same way as forspectral slope.

PSR J05406919 (Ackermann et al. 2015b), using an ephemeris

for PSR J053%6910 based on RXTE observations covering the ) o

first 3.5 years of théermi mission. No evidence foy-ray pul- 4-9- Systematic uncertainties

sations was found, with a pulsation significance belaw On

: . ... _.The properties of the four point sources discussed above may
longer time scales, thg source shows no evidence of vatabilye 4fected by systematic errors, introduced by selecting a par-
down to a monthly basis. . L ticular method to build the complete LMC emission model. As

With a total luminosity of 8 x 10*°ergs™ in the 0.1- exposed in Seck] 3, two models provide a good fit to the data:
100GeV range, this source is remarkable. Further studies Re emissivity model, which yields the highest likelihoottias
volving the complete picture of the plerionic system N 157khe reference one, and the analytic model, which gives htbfig
are required to assess the possible origin of the GeV emisi$io |gyer likelihood but can be considered as a competitiverdte
is clear, however, that the accuracy of the localisatioow8|us e The other models tested in this work were far from eiqgal
to exclude superbubble 30 Doradus C as the main contritwitofese two (see Tablé 4).
th.e emission (see Figl 4). The latter was detect_ed In yreays Interestingly, the 2D Gaussian extended components of the
with H.E.S.S. [(Abramowski et al. 20 . . 2 .15) and might ha\{e hadd"@halytic model have no fine structures compared to the egtend
GeV counterpart detectable willermiLAT. An upper limiton ., 55nents of the emissivity model, which were built fror th

the emission from this object is given below, in Sgcil 4.6. gas column density distribution. The analytic model camehe
fore be used to test whether such fine structures can bias the

4.3. P3: Unassociated source inferred properties of point sources.
When using the analytic model, the spectral parameters of

Source P3 is detected withTeS of 116 and found at a position the four point sources within the LMC turned out to be cormsist
which is consistent with that of HII regions NGC 20R&C  within 1o statistical uncertainties with those obtained with the
2032. Supernova remnant DEM L 241 and Seyfert 1 galaxy 2missivity model. The dierences in the mean values of photon
1445 are also in the field but they lie at a greater distana® fraand energy fluxes of point sources between the two models were
the best-fit position, at the edge of the 2onfidence region. found to be< 50% of the statistical uncertainties.

The source shows no evidence of variability down to a The inferred properties of the sources may also fiected
monthly basis. The most notable feature of this source i®itg by uncertainties in the characterisation of the LAT instemt
soft power-law spectrum, with a photon index 082 0.1. If  According tol Ackermann et all_(2012a), the magnitude of the
source P3 is a background active galactic nucleus, suchta sgitematic error arising from uncertainties in tikeetive area,
spectrum tends to favour a flat spectrum radio quasar type ogeint spread function, and energy dispersion, is about 6.1 o
a BL Lacertae type (Ackermann eflal. 2011a). the spectral index and about 10% on the photon and energy
fluxes (for the analysis of a not-too-hard point source intlie-
100 GeV range). These systematic uncertainties are threrefo
the same order as the statistical uncertainties on spé&utiaés

Source P4 is detected withTsS of 28 and found at a position and fluxes for the three brightest point sources in the LMC.
which is marginally consistent with that of SNR N 132D, just
outside the & confidence region (see Figl 4). Supernova rem:- .y -
nant N 132D belongs to thegrare(class gf O)-richpremnants,%-G  Upper limits on selected objects
gether with objects such as Cassiopeia A, Puppis A, or SN&dme particularly interesting LMC objects that were or doul
0540-69.3, and it has a kinematic age of 250pitﬂave been expected to beray sources were undetected in the
2011, and references therein). Its chemical compositidit in FermiLAT observations we analysed. This is the case of su-
cates that N 132D is the remnant of the core-collapse suparngerbubble 30 Doradus C (a rare superbubble with non-thermal
of a progenitor star with initial mass in the35-75M, range emission, recently detected at TeV energies with H.E.S&;
.2009). The shock wave in the remnant is interd&bramowski et all_2015; Yamaguchi ei 10), or SN 1987A
ing with surrounding material, and N 132D is the brightest+e (the closest supernova in modern times, predicted to bd-acce
nant of the LMC in X-rays (Borkowski et &l. 2007). erating particles and to be increasingly shiningyimays; see
The association of our weak GeV source with N 132D Berezhko et al. 2011). Another possible source of GeV emis-
supported by the recent marginal detection using H.E.S.8. osion was N 11, the second most active star-forming region of
TeV source spatially coincident with N 132D (with a sub-aitm the LMC after 30 Doradus, and maybe an older version of it
localisation accuracy compared to the few arcmin allowed fRosado et al. 1996; Walborn & Parker 1992). The LMC also
Fermi-LAT for this source; see Abramowski etlal. 2015). In théarbours many SNRs that are very well studied in X-rays and at

4.4. P4: Coincident with SNR N 132D
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radio wavelengths, and for which constraints onthay emis-
sion might be useful.

.(/R/Ii
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N
\\

Declination
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20 81°00"
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Fig. 4. Localization maps for point sources P2, P3, and P4 (from
top to bottom; P1 is identified as PSR J058919 and thus not
shown). Green contours correspond to 1, 2, amd:8nfidence
regions derived using the emissivity model (4 andc®nfidence
regions were added to P2 to emphasise that it is not consisten
with 30 Dor C); the cyan dots correspond to the best-fit pmsti
derived using the analytic model. The background is a SHASSA
Ha smoothed map on a log scale. Overlaid as red dots and cir-
cles are the position of known SNRs, including the pleriasts a
sociated with PSRs J0546919 and J05376910, together with
other noteworthy objects such as SN1987A or 30 Doradus C;
magenta pluses indicate the positions of known pulsardgwhi
yellow crosses indicate the positions of known active galac
nuclei.
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Table 6. Upper limits on undetected sources

Source s=20 s=25
SN 1987A 78x107 | 6.6x 107
B0505-67.9 (DEM L71)| 59x107 | 6.1x 107
B0506-68.0 (N 23) 6.7x107 | 7.0x 107
B0509-68.7 32x107 | 3.8x 107
B0509-67.5 13x107 | 1.4x 107
B0519-69.0 56x107 | 59x 107
B0525-66.0 (N49B) | 3.1x107 | 39x 1077
B0525-66.1 (N 49) 31x107 | 39x 107
B0534-69.9 32x107 | 27x 107
B0535-66.0 (N63A) | 48x107 | 48x 107
B0548-70.4 16x107 | 20x 107
30 Doradus C 11x10° | 89x 107
N 11 71x107 | 7.1x 1077

Upper limits correspond to a 95% confidence level and were-com
puted under the assumption of a power-law spectrum. Coluristsl
the sources for which upper limits were computed, and Con@®3
give the flux limits in units of MeV c? s over the 1-10 GeV interval
for two power-law photon indices. All SNRs were modelled ainp
sources, while N 11 and 30 Dor C were modelled as 2D Gaussian in
tensity distributions witl- = 0.4° ando- = 0.1° , respectively.

Table 7. Comparison of spectral models for component EO

Model log £ Nor
Power law -102523.4| 2
Power law with cuté | -102499.6| 3
Broken power law | -102497.3| 4
Log parabola -102496.3| 3
Tabulated -102495.7| 1

log L values correspond to a fit over 0.2-10 GeV with 17 logarith-
mic bins (because component EO is not significantly deteateve
10 GeV), hence the fierence with values in Tab[é 4.

Based on the emissivity model described previously, we de-
rived upper limits on the 1-10 GeV flux from the three objects
mentioned above and the ten brightest remnants in X-rays, ac
cording to the MCSNR databd&seThese are summarised in
Table[® under two assumptions for the photon index over 1—
10 GeV.

For SN1987A, our upper limit on the 1-10GeV flux is
not constraining when compared to the predictions made by
Berezhko et dl! (2011); our limit is a factor of 3 above the&-p
dicted flux for 2010 and remains above the maximum flux pre-
dicted for 2030. For 30 Dor C, our upper limit is not constiagn
either when compared to theray emission models considered

E? x F(E) (MeV/cm?/s) E? x F(E) (MeV/cm?/s) E? x F(E) (MeV/cm?/s)
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in/Abramowski et al.[(2015); our limit is a factor of 6 aboveth Fig. 5. Spectra of the four point-like sources found in the LMC,
most optimistic prediction of the hadronic model.

8 www.mcsnr.org

10

from top to bottom P1 to P4, as listed in Table 1. We show spec-
tral points obtained by fits in individual bins, together wihe
best-fit spectral model from a binned likelihood analysigrov
the full energy range. The spectrum of the weakest source P4
features coarser binning in energy. Upper limits (arrovesje:
spond to a 95% confidence level.
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5. Extended sources nent. Maybe the most interesting feature is the correlatiiim

. L . . tBe highest concentration of supergiant shells in the LMi¢ctv
This section is dedicated to the extended sources foundein fgiifies to intense star formation activity over the padiBMyr.
modelling of they-ray emission from the LMC. We used as réfryq gpsence of conspicuous voids associated with somessf the

erence the emissivity model and the components labelled §9pergiant shells may also indicate that projectifiaats com-
El, E2, E3, and E4 in Tabld 3. We recall that components Ef e such a search for spatial correlation.

and E3 can be grouped in the fit of the model, because leaving

them independent does not provide a significant improvement

however, they need to be considered separately in someqfarts.2. Spectra

the discussion below. )

We first discuss the localisation and spectrum of each e-%?e spectrum of the large-scale disk component labelled EO
tended source. Figule 6 illustrates the layout of each neggso- shows some curvature (see Fg. .7)' We sear_ched for the best
ciated with extendeg-ray emission. Figurg]l 7 shows the best-fi odel for it among a power law with _exponential cflif@ bro-
spectral shape for each component, together with spediirtsp <" POWer law, a log-parabola function, and a tabulated-func
and upper limits derived over the 0.2-200GeV rafig@able tion derived from the local gas emissivity spectrum (as altes

summarises the best-fit spectral parameters of each exte its interactions V\.’ith CRs). Results are summarised inlfab
emission component and provides the energy flux in the 0! . The best analytical model is the log-parabola. The broken

100 GeV band and its extrapolation to the 0.1-100 GeV band POWer law is almost as good (log _decreases by 1 des_pite 1
additional degree of freedom), while the power law with cut-

off is disfavoured (logC decreases by 3 for the same number

5.1. Localisation of degrees of freedom). The significance of the curvature al-

) . lowed by the log-parabola model compared to the power law is
The large-scale component labelled EOQ is by constructiasemy 4, The tabulated function model slightly improves upon the
sion coming from the whole LMC disk. A large part of it proby,q_parahola, with a likelihood increase by about 1 for 2dew
ably results from a large-scale population of CRs accuradlatyegrees of freedom. At this stage, however, we avoided being
over long time scales and interacting with interstellar (&2 14 specific regarding the emission associated with compione
Sect.[5.B). The origin of the emission from the three to foyy e therefore used the bestfit log-parabola functiotth wi
smaller-size extended components is more uncertain. lbtis Rpectral parameters listed in TaBle 8 and corresponding spe
correlated with prominent features of the gas column dgnsit,ny shown in Figl7. An interpretation in terms of CRs inter-
Q|str|bution, which suggests at least two posgibilitihscsie rela- acting with the gas is presented below, among other paissibil
tively gas-poor regions harbour an overdensity of CRs asitre jes and the use of the tabulated function as a spectral Imode
of a local concentration of CR sources, or they host a polpwat s giscussed there (the similarity between the log-paeabot]
of many discrete-ray emitters with individual fluxes below the 5 1ated function models can be inferred from Flg. 9).
detection threshold. To explore both options, we searcbed % The spectra of components EE3, E2, and E4 can be de-

correlation with structures or objects in the LMC. In Ai§t6e e with simple power laws having relatively hard photo
location and size qfemisswity components (from the eMIBS! i dices of~2.0-2.2 (see Fid.]7). We evaluated whether these
model) and emission components (from the anaiytic; mpdel) Amall-scale components can be distinguished from largke-sc
pIotteId c,:ﬂ to dp Otf.% Stl_—iAS?Ai:ismo?thedV\r/napl, which ||nc_i||re”:tly component EO in terms of spectral properties. At low ensrgie
reveals the distribution of young stars. Ve also over . < 2GeV, they have spectra consistent with that of EO (a power

tributions of various objects: pulsars, which are the da@min | - : :
. o : aw with photon index 1.9, as inferred from the broken power-
class of GeV sources in the Galaxy; Wolf-Rayet stars, wheeh 1, fit). At energies> 10 GeV, only E2 and E4 are significantly

veal where the most massive and shortest-lived stars aagelbc detected (with TS> 20), while EL-E3 and EO are ndl. In a
high-mass X-ray binaries (HMXBs); stars of spectral typerir binned likelihood fit over the entire energy range, replgdime

BO to B3, which dfer a longer perspective on recent star forméb'ower-law assumption for components+£8, E2, and E4 by

tiﬁn”because t_heirt té/pical_liffletime iﬁ. ahfew 1,? M¥r; :QJP‘?rQia the tabulated function model tested on component EO yiélels t
shells (approximated as circles), which are structuress wypi- following results: the fit is hardly degraded for E4, with ivar

cal ages 5-10 Myt (Kim et &. 1999), testifying to strong esles ations in logZL that are smaller than the number of degrees of

of kinetic energy in the ISM, from which CRs could be aCCeIelii’eedom lost; in contrast, the fit for componentsHEB and E2
ated and confined. _ degrades by about 10 and 20 in I6grespectively, for 1 degree

. No obvious correlation appears to be valid for all three re; freedom lost. These results might seem to contradictabe f
gions at the same time. The most striking feature is the €oing, ¢ g4 js significantly detected above 10 GeV, while-E3 is
dence of emissivity component E2 with a large void delimitedo; The spectra of these two components appear somewhat ir-
by a supergiant shell. The cavity IS relatively empty of @3¢ oy ar in Fig[7, when compared for instance to those oftpoin
at least those considered above; young stars of the WoleRay,rces (for E4, this is more obvious when using a finer energy
class to early B spectral type tend to be found on the periphiyning).'A possible explanation is that these extendedpzm

ery (the cluster of B stars on the southern edge of the casity jents encompassftirent sources with fierent spectra (as con-
NGC 2004; see Niederhofer et al. 2015). This also seems tofgered in Sedf.54), such that a single power law or theaseli

the case for emissivity component E4, although less rembéyrka o e are just first-order approximations.
s0. The situation is less clear for emissivity componentsuid

E3 owing to the crowding of the region. Most young stars arg;
still found outside the Xr contour of the emissivity component; s~ 3 x 10-° MeV cm2s-* while component EO is only constrained
in particular, the rich 30 Doradus area and the surroundirg y an upper limit at a similar magnitude is due to their smadiee; this

regions are clearlyfiset from the core of the emissivity compO+esyits in higher surface brightnesses, such that the srsiale com-

ponents can be detected against thikude background at comparatively
9 Data points and upper limits computed as described in féetho lower fluxes.

That components E2 and E4 could be detected above 10 Ge\f at lev

11



LAT collaboration: A deep view of the Large Magellanic Cloud

Table 8. Best-fit spectral parameters of the extended components

Source Parameters Foo0o F1o0
EO (large-scale disk) a=217+004 | (59+03)x10° | (6.7+0.4)x 10°
b=0.22+0.02
E, = 1.0GeV
E1+E3 (west of 30 Doradus) T = 2.13+0.05 | (21+0.2)x 105 | (25=0.2)x 10°°
E2 (northern LMC) I'=200+006 | (L3+02)x10° | (1.4+0.2)x 10°
E4 (western LMC) '=213+007 | (09+01)x10° | (1.1+0.1)x 10°

Note to the Table: From left to right, columns are: the soideatifier used in this work; the spectral parameters, a pdsve photon index for the
last three sources, and log-parabola parameters for E&ntrgy flux in 0.2—100 GeV and extrapolated to the 0.1-100@aye in MeV cm? s1
units.

The total energy flux from the extended emission comptrum, while E3 is not. That the emissivity spectral shapel bf
nents in our model amounts to2lx 10*MeVcm2s™ over and E4 are consistent with the local one suggests that tlee spe
the 0.1-100GeV range. In Fifl 8, the total spectrum of thal distribution of CRs is similar in these regions and ie kbcal
emission is plotted against the spectra of the point souraeedium, at least up to CR energies of a few hundred GeV (re-
for which we have an established (PSR J053®@19) or likely sponsible for emission at a few tens of GeV). In these caorthti
(PSR J05376910 and N 132D) association with an LMC obthe diferences in the normalisation of the emissivity can be re-
ject. To build this total spectrum, we added the best-fit speated directly to a dierence in CR density, as discussed below.
tral functions of all extended components together. Emissif In terms of normalisation, the emissivity components depar
extended nature clearly dominates the GeV emission from tinem the local value. We emphasise that emissivity comptmen
LMC. It is interesting to note, however, that the summed emig/ere modelled with 2D Gaussian spatial profiles, which iegpli
sion from only two discrete sources (PSR J05@919 and the a decrease of the emissivity away from the best-fit centrsil po
source coincident with PSR J053G910) amounts to about onetion; in the following, the emissivities of the various coomgnts
third of the extended emission flux at 100 MeV, and to aboate given as peak values at the centre of the Gaussian profiles
20% of it at 10 GeV, and that the total point-like emission hasThe large-scale disk peak emissivity is 33% of the local siwnis
similar spectrum to the total extended emission. ity. As mentioned in Sedf. 3.3, this component can be ineteor

as resulting from CRs accumulated in the LMC over time scales
) ) that are long compared to the recurrence time of CR injection
5.3. Cosmic-ray population in the ISM (by supernovae). Theftirence in emissivity level

The emissivity model introduced above to describe the eltgn Means that the large-scale density of CRs is about one third o

emission from the LMC provides direct estimates of the emiss (e local Galactic density in the inner regions of the LMC and
ity distribution over the galaxy. Before addressing thisuita- €Cr€ases to about 10%in the outskirts (by constructiarase

tively, however, we wish to emphasise that this is an assempt (€ Size of the component was fixed). At 1 GeV, the emiss#itie
abozt the nature of the extendepd emission we observe: itbpre% of components E1 and E4 are 40% and 60% of the local emissiv-
inantly results from hadronic interactions between CReiaid  '%Y; "espectively. Although this implies an underdensitydRs
interstellar gas. The increase in likelihood it leads tanpared with respect Fohthe local mﬁd'rm’ It melans ar; Ienhlalncement in
to the more phenomenological description of the analytidaio CR density with respect to the large-scale peak level in MEL
seemingly supports that interpretation, but this is notranfy  PY @ factor 3 for component E4. Components E2 and E3 have

proof that the latter is valid. There are other possible gomt &N eMissivity that is twice the local value at 1 GeV, or about 6
;times the large-scale peak level in the LMC. Because of the si

tions to the extended emission, such as unresolved popusgati* | - =

of discrete sources such as pulsars, or inverse-Comptasiemi Nificantly harder emissivity spectrum of the E2 compondr, t

from CR electrons. They were not tested against the dataibecg£nnancementin CR density increases with energy, up to &out
ﬁnmes the local value at 10 GeV or 24 times the peak largeescal

their modelling is much more uncertain, but they are adecks i ) , )
below and in SecE-Bl4. For this reason, the emissivity egém evel in the LMC. The main source of uncertainty on these emis
sivity estimates is the gas content of the LMC (see Appendix

given below should be considered as upper limits.

For each extended emission component of the emissivﬁ‘)f
model, the gas emissivity spectrum is obtained by dividhngy t
fitted spectrum for that component by the average column den-
sity over the region, weighted by the 2D Gaussian emissivity
profile. The resulting emissivity spectra are plotted in.Big-or
comparison, we plotted the local Galactic emissivity spent
determined b an (2012) from high-latitééemi-LAT
observations in the50 MeV-40 GeV range.

In terms of spectral shape, the emissivity spectra are hot al
consistent with that measured locally in the Milky Way. Asmme
tioned in Secf’5]2, component E4 has a spectrum consistint w
the local emissivity, while E2E3 and E2 significantly dlier
from it. Splitting EX+E3 into independent components E1 and
E3 reveals that E1 is consistent with the local emissivitycsp
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Fig.6. Charts illustrating the layout of each region associated E4 (western LMC)
with small-scale extendegiray emission. From top to bottom:
regions around emissivity components+#EB, E2, and E4. The 102 10° 10° 10°
background is a SHASSAdsmoothed map on a log scale. The Energy (MeV)

green circles are the &-extent of the Gaussian emissivity com-

ponents of the emissivity model, the cyan circles are toeek- Fig. 7. Same as Fid.]5 for the four extended emission compo-

tent of the Gaussian emission components of the analyti@imochents, from top to bottom EO, EE3, E2, and E4, as listed in

Overlaid are pulsars (magenta pluses), Wolf-Rayet stanst§w Table[3. The spectrum of EO has five bins per decade and a sin-

diamonds), stars of spectral type BO-3 (blue dots), HMXBSI (r gle upper limit above 20 GeV computed for a fixed power-law

dots), and supergiant shells (yellow circles). photon index of 2.7; the spectra of other components have fou
bins per decade.
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Fig. 8. Comparison of the total emission of extended nature witfig. 9. Emissivity spectra of the five components of the emissiv-

that of point sources for which an established or likely agso ity model, obtained by dividing the fitted spectrum for thete

tion with an LMC object exists (as indicated in the legendsB ponent by the average column density over the region, weifyht

fit analytic spectra were used and summed over componentstithe 2D Gaussian emissivity profile. The dashed line isdhe |

to E4 to produce the black curve for thefdise contribution.  cal Galactic emissivity spectrum frdm Casandjian (201
here for comparison.

Interestingly, components whose spectra are compatilbhe wi

the local emissivity are those with lower normalisationsjle/ .\ o¢ e large-scale EO component is poorly represenged b

components t.hat.are signific;antly harde_r.are associatel e inverse-Compton spectrum, with a degradation of 62 in in
higher normalisations. The high CR densities and hardesemp, ~ ¢ > fewer degrees of freedom. From the spectral point
sivity spectra in components E2 and E3 suggest an accuonila f view, the small-scale extended components are therefore

of fresh CR.S in these regions; th?se CRs would have peengg;[ent with an inverse-Compton origin of the emission.nfrro
leased relatively recently by a spatial and temporal camagan the spatial point of view, however, the locations of theseco

(s)lfJBg?z;gt?;ilinv(\j/r:iﬁ:iyg:ggg\?g R@f#:%%?;ﬁgpﬂﬁéﬁ? ponents are somewhat unexpec_ted, at least for components E2
flected in the,emissivity spectrum). This situation, andabssi- and E4. These are found in regions of the LMC that are rela-
ble association of emission compdnents with ca\;ities apeisu t!vely far away from strong sources Of- radlatlon_, infrarecbp-

tical, and that are not known for particularly high strersyti

giant”shells (_see Se@'l)’ is reminiscent of the Cygnos “cthe interstellar radiation field (Bernard et ial. 2008). le tb-
coon” found in the Milky Way [(Ackermann etel. 2011b), alsence of particularly abundant targets for the inverse{@tom

th(:ugl? ?}n mL;]Ch Iargr?rrsipatlal SC?'ﬁS' Ii/utnlttﬁﬁdlult IEO 1;|rmly scattering, emission from these regions would therefajaire
establish such a scenario, especially given the lack of siear localised enhancements of the CR electron density, sirtolar

Efg correllattl_on ‘.N'fth otgerbobjects (see Sﬁf’ﬁlibg"e‘ab the CR nuclei enhancement considered previously. We tfen fa
popuiation Interred above corresponads €rd N +he same problem that these regions are not clearly caeklat

the form of ~1-100GeV CRs in the disk, with an additiona ith particularly high concentrations of massive stars NRS

3 ; ; - e
0.9 x 10”erg contained in the smaller-scale regions; given ti¢ .\ iher nossible tracer of the past CR injection agtigiee
superngvarate in the LMC, this implies-d Myr residence time Fig.[d). Independent of this consideration, such accurmuiabf
for CRs in the LMC disk (see Appendix B). high-energy electrons may be expected to be clearly détecta

tAn dagernanve expt)la_na;[;]or; for the reCIat|vetIy hard.sp_ectféa in.radio synchrotron emission (provided the magnetic figluit
extenced components Is that Inverse-t.ompton emission-to omalously low), but nothing particular is obser

ntattesége_ stljgnaldfrotm t?elfe sources. :cn mo?els} of t_he ste ). The case of component-E23 seems dierent. Being
sta It?1 erstetiar ecmlssu;n rom S{ ar (.)mﬁgalgil X-t closer to the 30 Doradus region and also near the so-calked op
1es (Ma ), the inverse-Compton spectrum is ha cal bar, the situation is more favourable regarding thel @ity

the pion decay spectrum above a few 100 MeV and up to a few, . .~
100GeV, and it can account for a significant fractioB0% %Whlgh energy electrons and target photons.

or more of the 0.1-100GeV flux. From the models_of Martin

(2014), a small synthetic galaxy was found to be a possibes. Unresolved population of sources

representation of the LMB. 1t yields a total interstellar dif- ) o

ferential flux of 25 x 10>MeVcm2s! at 1 GeV, consistent AS suggested earlier, extended emission from the LMC may
with the observed value (see Hig. 8). The correspondingseve ariseé from an unresolved population of low-luminosjtyray
Compton emission spectrum was found to fit frrmi-LAT ~ Sources instead of CRs interacting with the ISM. This may be
spectra of components E2 and E4 as well as power laws, &fecially true for emission from the small-sized regidd2 {o
even to slightly improve the fit for component E&3 (by about &4 in the analytic model, E1 to E4 in the emissivity model)eTh

2in log £, for 1 fewer degree of freedom); in contrast, the speBUmber of such objects does not need to be large. As an exam-
ple, model component E2 for extended emission in the narther

11 The model is an atomic gas disk of 2 kpc radius with a molecul&MC should be replaced by at least five point-like source$ wit
core of 100 pc and a density= 20 H, cm™3. T S~25-50 to provide a similar fit likelihood (but the number of
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degrees of freedom involved in searching for the best-fipproobjects, a large-scale component about the size of theygalact
erties of these point-like sources is four times that nedded three to four small-scale regions about 1#Rangular extent.
single extended component). Components E1 to E4 have simi- One of the point sources is unambiguously identified as pul-
lar fluxes, sa>20 objects would be needed to account for thegar PSR J05466919 through its characteristic pulsations; it is
cumulated emission. the firsty-ray pulsar detected outside the Milky Way and has
Since the dominant class of identified GeV sources in tliee highest isotropig--ray luminosity. Another source is spa-
Milky Way is pulsars [(Acero et 4l 2015), it is reasonable ttally coincident with plerion N 157B and its powerful puisa
assume that two dozeprray pulsars with luminosities muchPSR J05376910; no pulsations from the latter are detected,
lower than that of the exceptional PSR JO58019 could ap- and the relatively hard spectrum extending up-&b GeV sug-
pear as extended emission from specific regions of the LM@ests that the emission is not contributed by the pulsaealmurt
Interestingly, localisation maps in Figl 6 already show acha may also be related to the TeV source detected with H.E.S.S..
ful of known pulsars that coincide with the extended emissidA third point source is spatially coincident with the brighitiR
components: 11 out of 25 pulsars are found within the 4a- N 132D, also detected at TeV energies by H.E.S.S.; this weak
gular radius of regions G2 to G4. Many others may lie there asdurce is detected above 10 GeV with a relatively hard spectr
be currently undetected in radio and X-ray surveys (an eséich that implies a broad peak in the spectral energy distribpuib
number of potentially observable pulsars in the LMC is ofdhe ~100 GeV. A fourth point source is currently unidentified and
der of several 19 SeéMI{)Z_QlB). Some of the extenderbuld be a background active galactic nucleus; it showsgro si
emission components have hard spectra (for instance E®}, hof variability and its spectrum is soft with a photon index of
ever, with significant emission above 10 GeV; this seefficdit ~2.8.
to reconcile with the now established fact that the majooity The prominent 30 Doradus massive star-forming region
middle-aged pulsars have spectra cuttifijoeyond a few GeV is quite bright in GeVy-rays mainly because of the pres-
3). On the other hand, pulsars tend to be ass@nce of PSR J054@®919 and the source coincident with
ated with PWN, which are expected to have hard spectra at GB8R J05376910. In contrast, the second most active star-
energies, and two out of the four sources found in the LMC aferming region in the LMC, N 11, does not show a remark-
detected beyond 10 GeV. able enhancement gfray emission on top of the large-scale ex-
An unresolved population of GeV sources may also includended emission. SN1987A and 30 Doradus C are not detected.
low surface-brightness SNRs. Theay luminosities and spec-  In spite of resolving individual GeV sources in the LMC for
tra of SNRs likely depend on many factors, including typehef t the first time, emission of extended nature is still signifiba
progenitor, age of the remnant, and environmental conditim  detected and accounts for the majority of the Li€ay flux.
the Galaxy, the integrated emission from SNRs was put fatwaFhe nature of this extended emission remains unclear. n par
as a possible explanation for the observed harder 1-100 G@lar, the small-scale extended regions do not corredatie
emission from the inner regions, compared to expectatiassdd known objects or structures in the LMC, except perhaps lgavin
on large-scale interstellar radiation alorm(m some relation to cavities and supergiant shells.
[2013). In the LMC, SNRs could therefore add their contribu- A modelin which the extended emission is interpreted as in-
tion to that of PWNe above 10 GeV, where pulsar emission tisractions of a spatially inhomogeneous population of CRis w
expected to rapidly decrease, and thus account for the h@sd e interstellar gas provides a satisfactory fit to the data.dynidis
sion from some extended emission components. But SNRs @asdumption, the LMC would be filled with a large-scale popu-
PWNe are relatively short-lived, with typical lifetimes ofder lation of CRs with a central peak density of one third the loca
10*yr, and this is diicult to reconcile with the observation thatGalactic density; in addition, the small-scale extendeision
some extended emission components seem to coincide with @mponents would be regions where the density of CRs is en-
pergiant shells with ages of several Myr. hanced by factors of 2 to 6 at least. Theay emission from
Overall, both unresolved populations of sources and CReme of these regions features relatively hard spectrahndain
induced interstellar emission are possible explanationsaf be interpreted as resulting from a more energetic and pgssib
least some fraction of the extendgeray emission from the younger population of CRs compared to that filling the LMC on
LMC. The two options are dlicult to distinguish based on GeVlarge scales. An alternative scenario for the origin of tinals
observations alone, and considering observations at etier scale extended emission is that of an unresolved populafion
gies will most likely be the key to clarifying the situatidfor in- sources. Two dozen or more weak point sources can mimic the
stance, future-TeV observations with th€herenkov Telescopeextended nature of the emission. Currently unknown pubsads
Array may determine whether the fraction of the emission their associated nebulae or supernova remnants would be obv
indeed difuse above 100 GeV by detecting extended emissions candidates. Observations at other wavelengths, iicylart
andor by finding new discrete sources. At the other end of thi radio and at very high energies, will most likely be the key
electromagnetic spectrur|anckwill soon provide a new view clarifying the situation.
of the synchrotron emission from the LMC, thus revealing how
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Appendix A: Uncertainties on gamma-ray
emissivity estimates for the LMC

In the estimates of CR relative densities in Seci] 5.3, we ne-
glected the dterence in metallicity between the LMC and the
local medium because the corrections due to species h¢laaier
He are small(Mofi 2009). A major uncertainty on the above es-
timates comes from the uncertainty on the gas content of the
LMC. According to the discussion in Paper I, the total gassnas
in the LMC is quite uncertain because of a possible subsianti
amount of dark gas that is not revealed by the usual radio line
tracers, but correlates well with the atomic gas distriouthc-
cording to infrared observations. Following Paper |, weptdd

a total gas mass of (Z+ 2.4) x 168 M. The uncertainty on the
gas content may vary from one region to another in the LMC,
but for simplicity we assumed that all regions have:33%
relative uncertainty of their gas content. This directyrislates
into a+33% relative uncertainty of the inferred emissivities. The
choice of theXco factor is also formally a source of error, but it

is minor compared to the uncertainty on the total amount ef ga
(especially since extended emission is found in regiomsively
poor in molecular gas).

Appendix B: Energetics and residence time of the
cosmic-ray population in the LMC

The emissivities derived in SeEi. 5.3 can be used to evathate
total energy of the CR population in the LMC. Emissivity ireth
~1GeV range results predominantly from the decay of neutral
pions produced by 10 GeV CR protons, and this range of CR
energies accounts for most of the CR energy density in tred loc
ISM. The relative normalisations of emissivities at 1 Ge¢ ar
therefore interpreted as proportional variations of theeDBrgy
density in these regions with respect to the local value.

This estimated energy density is then integrated over velum
to yield an estimate of a total energy in CRs. The 2D Gaussian
emissivity profiles were integrated up to-2except for the EO
£omponent, for which & already covers the entire galaxy. The
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sizeo of the 2D Gaussian spatial profile, assumirgy-a 50 kpc
distance to the LMC and correcting for the= 30° inclination.

An LMC disk thickness oh = 400 pc was used in the calcula-
tion (the scale height of the atomic gas was estimated attabou
200 pc; semmw. For the large-scale disk commone
which has an emissivity three times lower than local, thiegi

7067 e

where we assumed a local energy density 9100 GeV CRs

of 1eVcnt3. This corresponds to the cumulative production of
CRs by about 1400 supernovae, assuming each explosion re-
leases 1% erg of kinetic energy, of which about 10% go into the
acceleration of CRs_(Caprioli & Spitkovsky 2014). The super
nova rate in the LMC being about 0.2 B&ntury

[2007), these 1400 supernovae imply an accumulat|0|<v]rallE

100 GeV CRs over a typical lifetime of 0.7 Myr. This is much
less than the estimated 10—-15 Myr mean residence time of

100 GeV CR protons in the Milky Way disk (Brunetti & Codino
2000).

To first order, this factor 10-20 diference on the residence
time of CRs in the Milky Way and LMC is consistent with CR
density estimates. The large-scale peak density in the LME w
found to be 30% of the local Galactic density, which means

UCR,IocaI
leVcenr3

Ucreo = 1.4 % 1053( (B.1)
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