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An extremely bright gamma-ray pulsar
In the Large Magellanic Cloud

The Fermi LAT collaboratioh

“The full list of authors is at the end of the paper.

Pulsars are rapidly spinning, highly magnetized neutron sars, created in the
gravitational collapse of massive stars. We report the detgion of pulsed GeV
gamma rays from the young pulsar PSR J05486919 in the Large Magel-
lanic Cloud, a satellite galaxy of the Milky Way. This is the frst gamma-ray
pulsar detected in another galaxy. It has the most luminous plsed gamma-
ray emission yet observed, exceeding the Crab pulsar’s by adtor of twenty.
PSR J0540-6919 presents an extreme test case for understanding the st-

ture and evolution of neutron star magnetospheres.

The first pulsar was discovered in 1967 as a puzzling celestiarce of periodic radio
pulses. Nearly 2500 pulsars have since been detected,yniogte Milky Way but also in
other nearby galaxies, and their characteristic pulseg®on has been observed across the
electromagnetic spectrum. The energy source for emissam pulsars is the rotation of a
magnetized neutron star. The mechanism is radiation bicfesrticcelerated by intense electric
fields in the neutron star magnetosphere. The pulsar spthperiod P, and the observed rate
at which it slows dowr% — P sets the scale of the power reservoir for particle accéterat
and emission processes. Spin-down powéf is 47r2IP/P3, wherel denotes the neutron star

moment of inertia, taken to b®* g cn? (1), which roughly corresponds to a solid sphere of
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10 km radius and the mass of the Sun.

The Large Area Telescope (LAT), an imaging instrument orFéreni satellite sensitive to
gamma rays with energies 20 MeV-300 G&Y, has detected gamma-ray pulsations from over
160 pulsars (see the secohermi-LAT pulsar catalog ), and the public list of LAT-detected
gamma-ray pulsargl)). Gamma-ray pulsars havé > 103 ergs™!, and a significant fraction
(>30% in many cases) of their spin-down power is convertedgatama-ray luminosity.,. In
contrast, radio emission represents a negligible fracifdhe total energy outpuBf. Gamma-
ray observations thus probe the sites and processes oflpatceleration and radiation in
pulsars. Candidate emission regions range across the toaghere out to the “light cylinder”,
where co-rotation with the neutron star would reach the gppédight (5—7). In these regions,
curvature or synchrotron radiation from accelerated sdestinitiates electromagnetic cascades
by interacting with the strong magnetic field or with ambighbtons; the electron-positron
pairs produced are accelerated and radiate in turn, giveéegto further pairs. Emission may
also originate in the pulsar’s plasma wind, beyond the laytihder Q).

Discriminating between emission scenarios requires spentd light curves in various
wavebands for pulsars with different ages, magnetic figlehgths, and viewing geometries.
Few pulsars younger than several thousand years are kndverpulsar in the Crab supernova
remnant is the best studied and was the most powerful knoynlsed gamma ray®). The
Crab pulsar ha® = 4.5 x 10%® ergs*. Only one known pulsar has a larger spin-down power,
PSR J05376910 withE = 4.9 x 10*® erg s, whilst PSR J05406919, only 16 arcmin away,
has the third highest = 1.5 x 10® ergs*. Both of the latter are located in the Large Mag-
ellanic Cloud (LMC), a satellite galaxy of the Milky Way at &sthnced ~ 50 kpc (10). PSR
J0537-6910 is a 16-ms pulsar associated with t#8000-year old supernova remnant LHA
120-N 157B (1,12, while PSR J05406919 is a 50-ms pulsar associated withtHE140-year

old supernova remnant SNR 0540-6913€15. Although these two pulsars are of compara-
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ble age and energetics, their gamma-ray behavior appebesrtarkedly different. This paper
reports the detection of gamma-ray pulsations from PSRQ@06219 and an upper limit on
gamma-ray pulsations from PSR JO53&R10.

FermiLAT predominantly operates in all-sky survey mode; herwetMC has been ob-
served regularly since launch. Gamma-ray emission fronLME€ is particularly prominent
near the Tarantula nebula (30 Doradusj)( a very active star-forming region hosting extremely
massive starsl{/, 18. PSR J053#6910 and PSR J054919 lie in this area, but until now
neither could be identified as discrete gamma-ray sourceg, bver six times more data are
available compared to the earllegrmi-LAT study (16), and the recent revision of LAT event re-
construction, called Pass 8, significantly enhanced tha&itbaty of LAT data analysesl(9). We
thus revisited the gamma-ray emission from the LMC, and thB&radus region in particular.

We analyzed Pass 8 events from 75 monthBesti-LAT all-sky survey observationgg).
The gamma-ray emission from the LMC is shown in Figure 1raftdtracting fitted models of
the Galactic foreground emission, an isotropic backgroand point-like sources outside the
LMC. The improved angular resolution with increasing garmanaenergy makes two point-
like sources coincident with the pulsars stand out above\2 Ge

The source coincident with PSR J0548919 is detected with a statistical significance of
170. Its photon spectrum is well described by a power law withamemtial cutoff, typical
of gamma-ray pulsars3]. To search for pulsations, we built a rotation ephemerisguR0sSsi
X-ray Timing Explorer (RXTE) 20) observations recorded between modified Julian day 54602
(2008 May 16) and 55898 (2011 December 3), shortly beforetideof the RXTE mission (see
Table S1). We phase-folded the gamma-ray data from the fisgears of thd=ermimission
corresponding to the ephemeris. We used the LMC emissiorehtodassign each photon
the probability that it originated from PSR J0546919, based on reconstructed positions and

energies and the instrument response functi@p (Figure 2 shows the probability-weighted
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E >100MeV gamma-ray pulse profile for probabilities).1. The weighted H-test parameter
(21, 22 is 63.5, corresponding to a significance of &.8naking this the first extragalactic
gamma-ray pulsar.

Time-averaged gamma-ray emission from the source cointidigh PSR J053%6910 is
detected with significancElo. Its spectrum is consistent with a simple power law with phot
index2.1 £ 0.1 extending to> 50 GeV without evidence for a cutoff. A weighted phase-fold of
the LAT data based on an RXTE ephemeris limited any pulsedsani to significance: 1o
(see Table S2). The 95% confidence level upper limit on thel GeV pulsed luminosity for
this pulsar is1.9 x 10% erg s''. This and the lack of a spectral cutoff suggest that strongly
pulsed emission is at most a small fraction of the total difpeen the source. The gamma-
ray signal may instead result from the superposition of wealodulated pulsar emission and
radiation from the pulsar wind nebula and the supernova atnim unknown proportions.

Figure 2 also shows the X-ray pulse profile for PSR JO58®19, obtained by integrating
all the RXTE data used to build the timing solution. The peofilatches previous resula3).
The optical light curve was evaluated using the RXTE ephenterfold data from the Iqueye
photometer mounted on the ESO 3.6-m New Technology Teles@dpT) in January and De-
cember 200944). We also show a radio profile formed from the sum of 18 brigahgpulses
recorded at the Parkes telescope at 1.4 GHz in August Zf8)3 Emission components from
radio to gamma rays are aligned, but the shape of the pulss\arer the different bands. The
radio profile exhibits two narrow peaks separatedy- 0.25 in pulse phase. This double-
peak pattern is still visible on top of a broader componernh&optical profile. Structures in
the X-ray and perhaps gamma-ray profiles are reminisceteodouble radio peaks separated
by A ~ 0.25, but both profiles are consistent with a single bump spanthagnterval between
the radio peaks. In outer-magnetosphere models, the pabde grofiles are sensitive to the

magnetic geometry. In the classical vacuum ‘outer gap’ m@e pulse separations as small
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Figure 1:Sky maps of the LMC. (A) 0.2—200 GeV gamma-ray emission in@ x 10° region
encompassing the LMC. The map was smoothed using a Gaussizel withoc = 0.2°. Emis-
sion is strongest around 30 Doradus (approximately deduinity the blue box), but also fills
much of the galaxy. Contours show the atomic gas distribut{®) 2—200 GeV gamma-ray
emission in &° x 2° region around 30 Doradus. The map was smoothed using a @aussi
kernel withoc = 0.1°. Better angular resolution at higher energies resolvescwoponents
coincident with PSR J05486919 and PSR J053%6910, whose locations are indicated as blue
dots. Both maps are given in J2000 equatorial coordinates.

asA = 0.25 occur for highE, narrow-gap pulsars when the spin-axis viewing arggke> 80°
and the magnetic inclinatiom is < 30° (26). Models with partly resistive magnetospheres and
emission extending beyond the light cylinder poin{ter 60° anda ~ 30°, but differing resis-
tivity prescriptions may allow largef (7). For such geometry, the low-altitude classical radio
emission would not be observable, leaving only the highealé giant pulse component.

The signal above the background estimate in Figure 2 sugigesttady component of the
gamma-ray emission from the direction of PSR J05@919. Likelihood analysis of the data
in the off-pulse phase interval 0.3-0.8 shows a significanb{) point source at the position

of PSR J05466919. The spectrum is consistent with that of the full phaserval, but may
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Figure 2: Pulse profiles for PSR J0546-6919. (A) Probability-weighted LAT count profile.

The horizontal dashed line approximates the backgrourel.l&fertical lines indicate the on-
and off-pulse regions used for the LAT spectral analysis) RBETE X-ray integrated count

profile. (C) NTT optical count profile. (D) Parkes radio flwofite from summing 18 bright

giant radio pulses at 1.4 GHz. Two complete cycles are shdla.error bars in the top three
panels represent the median phase bin errors.

be almost as well described by a single power law (see Figllye We cannot currently dis-
tinguish whether this represents an unpulsed magnetaspt@nponent, emission from the
associated pulsar wind nebula LHA 120-N 158A or from the@umding supernova remnant
SNR 0540-69.3, or residual emission from the LMC itself. Comparinghathe flux in the on-
pulse phase interval, we estimate that the pulsed comp@weiit% of the total. The choice of

the off-pulse phase interval, hence the unpulsed flux estingconservative because it clearly
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includes pulsed optical and X-ray emission (see Figure 2).

Figure 3 shows the phase-averaged spectrum of PSR J@&4®. The photon spectrum is
well described by a power law with photon ind22-+0.1 and exponential cutoff ., = 7.5+
2.6 GeV. This photon index follows the trend of increasing inaéth £ described ing). This
correlation can be explained by stronger pair formatioivigin high- £ pulsars, reprocessing
the radiation to lower energies and leading to steep ragjgtarticle spectra. PSR J0546919
has the second largest magnetic field at the light cylindangfgamma-ray pulsar known, after
the Crab pulsar, wittB; ¢ = 472 (IP)I/2 (ci”P5)_1/2 = 3.62 x 10° G. Our E,,; measurement
favors the trend of increasing cutoff energy as a functio®f, also noted inJ), suggesting
emission originating from the outer magnetosphere of theroe star.

The total phase-averaged luminosity of PSR JO58@19 above 100 MeV if., = 47 fohd® =
7.6 x 10%° (d/50kpc)? erg s, whereh = (2.6 £0.3) x 10~''ergcnr?s ! is the energy flux,
and the geometry-dependent beaming correction fgfgter 1 for young pulsars with the most
probable viewing angle- 90° (26), consistent with the geometrical setting derived above. A
stated abovex75% of the total luminosity is pulsed and may be safely aited to the pul-
sar, i.e.5.7 x 10%° erg s't. The systematic uncertainties in the spectrum and luntinosithe
source due to the complete LMC emission model were found &niler than the statistical
uncertaintiesZ7). And while other pulsars’ luminosities can be severelgetid by distance
uncertainties (e.g. 25% for the Crab pulsar), for PSR J6®819 the distance to the LMC is
known to 2% accuracyl().

PSR J054066919 is often called the ‘Crab’s twin’ because they havelsinmagnetic field
strengths, rotation rates, and ages, so a comparison islén. orhe Crab pulse profile has two
peaks, phase-aligned from the radio to the gamma-ray bahie WSR J054066919 has a
broad gamma-ray pulse straddling the phase-range of theawow radio peaks, with struc-

tures in the optical and X-ray reminiscent of the radio pedke similarity in their radio behav-
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Figure 3:Spectral energy distribution of PSR J0546-6919.Pulsed radio data fron2b, 28;
extinction-corrected phase-averaged near-infrared ptidad fluxes from 29, 30; X-ray fluxes
from (23), including pulsed RXTE data and total spectra for the pudsal its nebula from
Swift and INTEGRAL; TeV upper limit from §1). The LAT data points correspond to the
phase-averaged emission, which includes an estimated 2&%palsed emission. Crab pulsar
phase-averaged data rescaled to a 50 kpc distance are stwowoniparison in light grey9).
Inset: LAT data fit to a power law with an exponential cutoff.

ior is particularly significant, as for both pulsars the madmission is dominated by so-called
‘giant pulses’, sporadic radio bursts with sub-microsetdarations and fluxes with a power-
law distribution extending to- 10° times the average valudZ). In (25) it is suggested that the
co-location of the giant pulses with high-energy emissiocuns in pulsars with high magnetic

fields at the light cylinder, and very robust and extensivieomagnetosphere pair production.
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Prior to this work, only six other pulsars showed giant pdegssion associated with strong
optical, X-ray, or gamma-ray componen83). The discovery of gamma-ray emission from
PSR J05466919 provides a new look at these rare sources.

PSR J05466919 and the Crab also share many spectral similaritiedluasrated in the
radio-to-gamma-ray spectral energy distribution (FigBreWith large powers in both pulsed
X-rays and gamma rays and the absence of a strong high-eoeigfy, PSR J05466919 is
similar to the Crab and unlike most middle-aged pulsars wli@V gamma-ray power domi-
nates. Both characteristics may originate from the higlaargensities that allow synchrotron
self-Compton emission to dominate and produce higherggnmrisations. It remains to be seen
whether PSR J05486919 follows the Crab in exhibiting a high-energy tail of pedl emission,
extending far abové’,; and likely attributable to inverse Compton scatterig,395. The
source is currently undetected in TeV gamma r&8®,(but may be in reach of future instru-
ments such as the Cherenkov Telescope Array.

Yet, while the radio, optical, and X-ray luminosities of PSB540-6919 and the Crab
are within a factor of~2, PSR J05406919 is much brighter in gamma rays. Its isotropic
pulsed gamma-ray luminosity is about 20 times more than ttad Qulsar’s,L, = 3.2 x
10% (d/2kpc)? ergs (3). PSR J05466919's pulsed luminosity remains larger than the Crab
pulsar’s even when including their intense X-ray emissambining the 2—-10 keV and 20-100
keV pulsed flux measurements fro@8] gives an integrated luminosity for PSR JO54919 of
Ly, ~ 9.7 x10% (d/50 kpc)® erg s, while it becomed.x ., ~ 2.4 x 10°° (d/2kpc) ergs™*
for the Crab 86).

The contrast with PSR J0536910 is even more striking: it has more than three times
greater spin-down power, but its pulsed gamma-ray luminasay be at least 30 times less
than PSR J05406919's. This confirms thaL. values can vary by more than an order-of-

magnitude for a giver® range 8). Mis-estimated distances and deviations frgmn= 1 can
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account for only part of this difference. The magnetic ination may play a significant role,
beyond its effect on the beaming7, 39.

As mentioned above, the pulse profile of PSR J058®19 suggests a high viewing angle
¢ > 80° and a low magnetic inclination < 30°. Fits to Chandraobservations of the pulsar
wind nebulae shapes of PSR JO548919 and PSR J0536910 indicate that both pulsars have
similar viewing angleg ~ 90° (39). In such conditions, the non-detection of radio emission
from PSR J05376910 implies either a high magnetic inclination and a radioihosity at most
half that of PSR J05406919, or a misaligned radio beam, hence a low magnetic eiadin
similar to PSR J05406919 @0). The former case would confirm the role of the magnetic incli
nation in the observed dispersion bf; the latter case would mean that the large difference in
pulsed luminosity between both pulsars does not stem fréfiereint geometries. Alternatively,
the non-detection of pulsations from PSR J058910 may imply a weakly modulated gamma-
ray light curve. The ‘outer gap’ model predicts such flat pytsofiles for¢( = 90°, a = 15°,
and a narrow gap2@), a geometry quite similar to that inferred for PSR J058019. Very
similar ages, energetics, and geometries for PSR J06809 and PSR J053%6910 would
therefore result in remarkable emission differences.

Our gamma-ray measurements of PSR JOEB®L9 and PSR J053%6910 offer a new look
at the high-altitude accelerators in the magnetospheresrefvery young pulsars. They also
have profound implications for our understanding of thenkégergy emission from the LMC:
~ 60% of the GeV flux density previously attributed to the 30 &hrs nebulal®) is now seen
to be emission from PSR J0546919. With an additionak 25% attributable to the source
coincident with PSR J05376910, only a small fraction of the signal may originate inroas
rays in 30 Doradus. This calls for further investigation lo¢ trelation between star-forming

regions and the origin and transport of cosmic rays.
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