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An extremely bright gamma-ray pulsar1

in the Large Magellanic Cloud2

The Fermi LAT collaboration∗

∗The full list of authors is at the end of the paper.
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Pulsars are rapidly spinning, highly magnetized neutron stars, created in the4

gravitational collapse of massive stars. We report the detection of pulsed GeV5

gamma rays from the young pulsar PSR J0540−6919 in the Large Magel-6

lanic Cloud, a satellite galaxy of the Milky Way. This is the first gamma-ray7

pulsar detected in another galaxy. It has the most luminous pulsed gamma-8

ray emission yet observed, exceeding the Crab pulsar’s by a factor of twenty.9

PSR J0540−6919 presents an extreme test case for understanding the struc-10

ture and evolution of neutron star magnetospheres.11

The first pulsar was discovered in 1967 as a puzzling celestial source of periodic radio12

pulses. Nearly 2500 pulsars have since been detected, mostly in the Milky Way but also in13

other nearby galaxies, and their characteristic pulsed emission has been observed across the14

electromagnetic spectrum. The energy source for emission from pulsars is the rotation of a15

magnetized neutron star. The mechanism is radiation by particles accelerated by intense electric16

fields in the neutron star magnetosphere. The pulsar spins with periodP , and the observed rate17

at which it slows downdP
dt

= Ṗ sets the scale of the power reservoir for particle acceleration18

and emission processes. Spin-down power isĖ = 4π2IṖ /P 3, whereI denotes the neutron star19

moment of inertia, taken to be1045 g cm2 (1), which roughly corresponds to a solid sphere of20
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10 km radius and the mass of the Sun.21

The Large Area Telescope (LAT), an imaging instrument on theFermi satellite sensitive to22

gamma rays with energies 20 MeV–300 GeV (2), has detected gamma-ray pulsations from over23

160 pulsars (see the secondFermi-LAT pulsar catalog (3), and the public list of LAT-detected24

gamma-ray pulsars (4)). Gamma-ray pulsars havėE > 1033 erg s−1, and a significant fraction25

(>30% in many cases) of their spin-down power is converted intogamma-ray luminosityLγ . In26

contrast, radio emission represents a negligible fractionof the total energy output (3). Gamma-27

ray observations thus probe the sites and processes of particle acceleration and radiation in28

pulsars. Candidate emission regions range across the magnetosphere out to the “light cylinder”,29

where co-rotation with the neutron star would reach the speed of light (5–7). In these regions,30

curvature or synchrotron radiation from accelerated electrons initiates electromagnetic cascades31

by interacting with the strong magnetic field or with ambientphotons; the electron-positron32

pairs produced are accelerated and radiate in turn, giving rise to further pairs. Emission may33

also originate in the pulsar’s plasma wind, beyond the lightcylinder (8).34

Discriminating between emission scenarios requires spectra and light curves in various35

wavebands for pulsars with different ages, magnetic field strengths, and viewing geometries.36

Few pulsars younger than several thousand years are known. The pulsar in the Crab supernova37

remnant is the best studied and was the most powerful known inpulsed gamma rays (9). The38

Crab pulsar haṡE = 4.5 × 1038 erg s−1. Only one known pulsar has a larger spin-down power,39

PSR J0537−6910 withĖ = 4.9× 1038 erg s−1, whilst PSR J0540−6919, only 16 arcmin away,40

has the third highesṫE = 1.5 × 1038 erg s−1. Both of the latter are located in the Large Mag-41

ellanic Cloud (LMC), a satellite galaxy of the Milky Way at a distanced ∼ 50 kpc (10). PSR42

J0537−6910 is a 16-ms pulsar associated with the∼5000-year old supernova remnant LHA43

120-N 157B (11,12), while PSR J0540−6919 is a 50-ms pulsar associated with the∼1140-year44

old supernova remnant SNR 0540-69.3 (13–15). Although these two pulsars are of compara-45
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ble age and energetics, their gamma-ray behavior appears tobe markedly different. This paper46

reports the detection of gamma-ray pulsations from PSR J0540−6919 and an upper limit on47

gamma-ray pulsations from PSR J0537−6910.48

Fermi-LAT predominantly operates in all-sky survey mode; hence the LMC has been ob-49

served regularly since launch. Gamma-ray emission from theLMC is particularly prominent50

near the Tarantula nebula (30 Doradus) (16), a very active star-forming region hosting extremely51

massive stars (17, 18). PSR J0537−6910 and PSR J0540−6919 lie in this area, but until now52

neither could be identified as discrete gamma-ray sources. Now, over six times more data are53

available compared to the earlierFermi-LAT study (16), and the recent revision of LAT event re-54

construction, called Pass 8, significantly enhanced the sensitivity of LAT data analyses (19). We55

thus revisited the gamma-ray emission from the LMC, and the 30 Doradus region in particular.56

We analyzed Pass 8 events from 75 months ofFermi-LAT all-sky survey observations (43).57

The gamma-ray emission from the LMC is shown in Figure 1, after subtracting fitted models of58

the Galactic foreground emission, an isotropic background, and point-like sources outside the59

LMC. The improved angular resolution with increasing gamma-ray energy makes two point-60

like sources coincident with the pulsars stand out above 2 GeV.61

The source coincident with PSR J0540−6919 is detected with a statistical significance of62

17σ. Its photon spectrum is well described by a power law with exponential cutoff, typical63

of gamma-ray pulsars (3). To search for pulsations, we built a rotation ephemeris using Rossi64

X-ray Timing Explorer (RXTE) (20) observations recorded between modified Julian day 5460265

(2008 May 16) and 55898 (2011 December 3), shortly before theend of the RXTE mission (see66

Table S1). We phase-folded the gamma-ray data from the first 3.5 years of theFermi mission67

corresponding to the ephemeris. We used the LMC emission model to assign each photon68

the probability that it originated from PSR J0540−6919, based on reconstructed positions and69

energies and the instrument response functions (21). Figure 2 shows the probability-weighted70
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E >100 MeV gamma-ray pulse profile for probabilities> 0.1. The weighted H-test parameter71

(21, 22) is 63.5, corresponding to a significance of 6.8σ, making this the first extragalactic72

gamma-ray pulsar.73

Time-averaged gamma-ray emission from the source coincident with PSR J0537−6910 is74

detected with significance11σ. Its spectrum is consistent with a simple power law with photon75

index2.1± 0.1 extending to> 50 GeV without evidence for a cutoff. A weighted phase-fold of76

the LAT data based on an RXTE ephemeris limited any pulsed emission to significance< 1σ77

(see Table S2). The 95% confidence level upper limit on the 0.1–10 GeV pulsed luminosity for78

this pulsar is1.9 × 1035 erg s−1. This and the lack of a spectral cutoff suggest that strongly79

pulsed emission is at most a small fraction of the total signal from the source. The gamma-80

ray signal may instead result from the superposition of weakly modulated pulsar emission and81

radiation from the pulsar wind nebula and the supernova remnant, in unknown proportions.82

Figure 2 also shows the X-ray pulse profile for PSR J0540−6919, obtained by integrating83

all the RXTE data used to build the timing solution. The profile matches previous results (23).84

The optical light curve was evaluated using the RXTE ephemeris to fold data from the Iqueye85

photometer mounted on the ESO 3.6-m New Technology Telescope (NTT) in January and De-86

cember 2009 (24). We also show a radio profile formed from the sum of 18 bright giant pulses87

recorded at the Parkes telescope at 1.4 GHz in August 2003 (25). Emission components from88

radio to gamma rays are aligned, but the shape of the pulse varies over the different bands. The89

radio profile exhibits two narrow peaks separated by∆ ∼ 0.25 in pulse phase. This double-90

peak pattern is still visible on top of a broader component inthe optical profile. Structures in91

the X-ray and perhaps gamma-ray profiles are reminiscent of the double radio peaks separated92

by ∆ ∼ 0.25, but both profiles are consistent with a single bump spanningthe interval between93

the radio peaks. In outer-magnetosphere models, the pulse peak profiles are sensitive to the94

magnetic geometry. In the classical vacuum ‘outer gap’ model (5), pulse separations as small95

4



Figure 1:Sky maps of the LMC. (A) 0.2–200 GeV gamma-ray emission in a10◦ × 10◦ region
encompassing the LMC. The map was smoothed using a Gaussian kernel withσ = 0.2◦. Emis-
sion is strongest around 30 Doradus (approximately delimited by the blue box), but also fills
much of the galaxy. Contours show the atomic gas distribution. (B) 2–200 GeV gamma-ray
emission in a2◦ × 2◦ region around 30 Doradus. The map was smoothed using a Gaussian
kernel withσ = 0.1◦. Better angular resolution at higher energies resolves twocomponents
coincident with PSR J0540−6919 and PSR J0537−6910, whose locations are indicated as blue
dots. Both maps are given in J2000 equatorial coordinates.

as∆ = 0.25 occur for highĖ, narrow-gap pulsars when the spin-axis viewing angleζ is > 80◦96

and the magnetic inclinationα is < 30◦ (26). Models with partly resistive magnetospheres and97

emission extending beyond the light cylinder point toζ ≈ 60◦ andα ≈ 30◦, but differing resis-98

tivity prescriptions may allow largerζ (7). For such geometry, the low-altitude classical radio99

emission would not be observable, leaving only the high-altitude giant pulse component.100

The signal above the background estimate in Figure 2 suggests a steady component of the101

gamma-ray emission from the direction of PSR J0540−6919. Likelihood analysis of the data102

in the off-pulse phase interval 0.3–0.8 shows a significant (∼ 5σ) point source at the position103

of PSR J0540−6919. The spectrum is consistent with that of the full phase interval, but may104
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Figure 2: Pulse profiles for PSR J0540−6919. (A) Probability-weighted LAT count profile.
The horizontal dashed line approximates the background level. Vertical lines indicate the on-
and off-pulse regions used for the LAT spectral analysis. (B) RXTE X-ray integrated count
profile. (C) NTT optical count profile. (D) Parkes radio flux profile from summing 18 bright
giant radio pulses at 1.4 GHz. Two complete cycles are shown.The error bars in the top three
panels represent the median phase bin errors.

be almost as well described by a single power law (see Figure S1). We cannot currently dis-105

tinguish whether this represents an unpulsed magnetospheric component, emission from the106

associated pulsar wind nebula LHA 120-N 158A or from the surrounding supernova remnant107

SNR 0540−69.3, or residual emission from the LMC itself. Comparing with the flux in the on-108

pulse phase interval, we estimate that the pulsed componentis≈75% of the total. The choice of109

the off-pulse phase interval, hence the unpulsed flux estimate, is conservative because it clearly110
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includes pulsed optical and X-ray emission (see Figure 2).111

Figure 3 shows the phase-averaged spectrum of PSR J0540−6919. The photon spectrum is112

well described by a power law with photon index2.2±0.1 and exponential cutoff atEcut = 7.5±113

2.6 GeV. This photon index follows the trend of increasing indexwith Ė described in (3). This114

correlation can be explained by stronger pair formation activity in high-Ė pulsars, reprocessing115

the radiation to lower energies and leading to steep radiating particle spectra. PSR J0540−6919116

has the second largest magnetic field at the light cylinder ofany gamma-ray pulsar known, after117

the Crab pulsar, withBLC = 4π2
(

IṖ
)1/2

(c3P 5)
−1/2

= 3.62 × 105 G. OurEcut measurement118

favors the trend of increasing cutoff energy as a function ofBLC, also noted in (3), suggesting119

emission originating from the outer magnetosphere of the neutron star.120

The total phase-averaged luminosity of PSR J0540−6919 above 100 MeV isLγ = 4πfΩhd2 =121

7.6× 1036 (d/50 kpc)2 erg s−1, whereh = (2.6± 0.3) × 10−11 erg cm−2 s−1 is the energy flux,122

and the geometry-dependent beaming correction factorfΩ ∼ 1 for young pulsars with the most123

probable viewing angle∼ 90◦ (26), consistent with the geometrical setting derived above. As124

stated above,≈75% of the total luminosity is pulsed and may be safely attributed to the pul-125

sar, i.e.5.7 × 1036 erg s−1. The systematic uncertainties in the spectrum and luminosity of the126

source due to the complete LMC emission model were found to besmaller than the statistical127

uncertainties (27). And while other pulsars’ luminosities can be severely affected by distance128

uncertainties (e.g. 25% for the Crab pulsar), for PSR J0540−6919 the distance to the LMC is129

known to 2% accuracy (10).130

PSR J0540−6919 is often called the ‘Crab’s twin’ because they have similar magnetic field131

strengths, rotation rates, and ages, so a comparison is in order. The Crab pulse profile has two132

peaks, phase-aligned from the radio to the gamma-ray band, while PSR J0540−6919 has a133

broad gamma-ray pulse straddling the phase-range of the twonarrow radio peaks, with struc-134

tures in the optical and X-ray reminiscent of the radio peaks. The similarity in their radio behav-135
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Figure 3:Spectral energy distribution of PSR J0540−6919.Pulsed radio data from (25,28);
extinction-corrected phase-averaged near-infrared and optical fluxes from (29,30); X-ray fluxes
from (23), including pulsed RXTE data and total spectra for the pulsar and its nebula from
Swift and INTEGRAL; TeV upper limit from (31). The LAT data points correspond to the
phase-averaged emission, which includes an estimated 25% of unpulsed emission. Crab pulsar
phase-averaged data rescaled to a 50 kpc distance are shown for comparison in light grey (9).
Inset: LAT data fit to a power law with an exponential cutoff.

ior is particularly significant, as for both pulsars the radio emission is dominated by so-called136

‘giant pulses’, sporadic radio bursts with sub-microsecond durations and fluxes with a power-137

law distribution extending to> 103 times the average value (32). In (25) it is suggested that the138

co-location of the giant pulses with high-energy emission occurs in pulsars with high magnetic139

fields at the light cylinder, and very robust and extensive outer magnetosphere pair production.140
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Prior to this work, only six other pulsars showed giant pulseemission associated with strong141

optical, X-ray, or gamma-ray components (33). The discovery of gamma-ray emission from142

PSR J0540−6919 provides a new look at these rare sources.143

PSR J0540−6919 and the Crab also share many spectral similarities, as illustrated in the144

radio-to-gamma-ray spectral energy distribution (Figure3). With large powers in both pulsed145

X-rays and gamma rays and the absence of a strong high-energycutoff, PSR J0540−6919 is146

similar to the Crab and unlike most middle-aged pulsars where GeV gamma-ray power domi-147

nates. Both characteristics may originate from the higher pair densities that allow synchrotron148

self-Compton emission to dominate and produce higher-energy pulsations. It remains to be seen149

whether PSR J0540−6919 follows the Crab in exhibiting a high-energy tail of pulsed emission,150

extending far aboveEcut and likely attributable to inverse Compton scattering (34, 35). The151

source is currently undetected in TeV gamma rays (31), but may be in reach of future instru-152

ments such as the Cherenkov Telescope Array.153

Yet, while the radio, optical, and X-ray luminosities of PSRJ0540−6919 and the Crab154

are within a factor of∼2, PSR J0540−6919 is much brighter in gamma rays. Its isotropic155

pulsed gamma-ray luminosity is about 20 times more than the Crab pulsar’s,Lγ = 3.2 ×156

1035 (d/2 kpc)2 erg s−1 (3). PSR J0540−6919’s pulsed luminosity remains larger than the Crab157

pulsar’s even when including their intense X-ray emission:combining the 2–10 keV and 20–100158

keV pulsed flux measurements from (23) gives an integrated luminosity for PSR J0540−6919 of159

LX+γ ∼ 9.7 × 1036 (d/50 kpc)2 erg s−1, while it becomesLX+γ ∼ 2.4 × 1036 (d/2 kpc) erg s−1
160

for the Crab (36).161

The contrast with PSR J0537−6910 is even more striking: it has more than three times162

greater spin-down power, but its pulsed gamma-ray luminosity may be at least 30 times less163

than PSR J0540−6919’s. This confirms thatLγ values can vary by more than an order-of-164

magnitude for a giveṅE range (3). Mis-estimated distances and deviations fromfΩ = 1 can165
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account for only part of this difference. The magnetic inclination may play a significant role,166

beyond its effect on the beaming (37,38).167

As mentioned above, the pulse profile of PSR J0540−6919 suggests a high viewing angle168

ζ > 80◦ and a low magnetic inclinationα < 30◦. Fits toChandraobservations of the pulsar169

wind nebulae shapes of PSR J0540−6919 and PSR J0537−6910 indicate that both pulsars have170

similar viewing anglesζ ∼ 90◦ (39). In such conditions, the non-detection of radio emission171

from PSR J0537−6910 implies either a high magnetic inclination and a radio luminosity at most172

half that of PSR J0540−6919, or a misaligned radio beam, hence a low magnetic inclination173

similar to PSR J0540−6919 (40). The former case would confirm the role of the magnetic incli-174

nation in the observed dispersion ofLγ ; the latter case would mean that the large difference in175

pulsed luminosity between both pulsars does not stem from different geometries. Alternatively,176

the non-detection of pulsations from PSR J0537−6910 may imply a weakly modulated gamma-177

ray light curve. The ‘outer gap’ model predicts such flat pulse profiles forζ = 90◦, α = 15◦,178

and a narrow gap (26), a geometry quite similar to that inferred for PSR J0540−6919. Very179

similar ages, energetics, and geometries for PSR J0540−6919 and PSR J0537−6910 would180

therefore result in remarkable emission differences.181

Our gamma-ray measurements of PSR J0540−6919 and PSR J0537−6910 offer a new look182

at the high-altitude accelerators in the magnetospheres ofrare very young pulsars. They also183

have profound implications for our understanding of the high-energy emission from the LMC:184

≈ 60% of the GeV flux density previously attributed to the 30 Doradus nebula (16) is now seen185

to be emission from PSR J0540−6919. With an additional≈ 25% attributable to the source186

coincident with PSR J0537−6910, only a small fraction of the signal may originate in cosmic187

rays in 30 Doradus. This calls for further investigation of the relation between star-forming188

regions and the origin and transport of cosmic rays.189
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27. Università Telematica Pegaso, Piazza Trieste e Trento, 48, I-80132 Napoli, Italy313
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S1 Materials and Methods

S1.1 Large Area Telescope data analysis

The complete LMC emission model was determined using a maximum-likelihood model-fitting

approach. Typically, a model consists of several emission components and has a certain number

of free parameters. A distribution of expected counts in position and energy is obtained by

convolution of the model with the instrument response functions, which includes the energy-

dependent point spread function, taking into account the exposure achieved for the data set that

is used. Free parameters are adjusted in an iterative way until the distribution of expected counts

provides the highest likelihood of the data given the model.

A complete spatial and spectral emission model for the10◦ × 10◦ region encompassing

the LMC was derived from 73 months ofFermi-LAT Pass 7 Reprocessed data (27). The

LMC model consists of a large-scale extended component spanning about the angular size of

the galaxy, three smaller-scale extended components with sizes of order 1–2◦, and four point

sources. Two possibilities were considered for the modelling of extended emission from the

LMC: 2D Gaussian gamma-ray intensity distributions, and a physical model in which emis-

sion arises from the interaction of localized populations of cosmic rays with interstellar gas.

The latter option provides the model with the highest likelihood and satisfactory residuals after

subtraction of the model from the data.

Based on this emission model, the spectral properties of thevarious sources in the LMC

were updated with 75 months of Pass 8 data, using a preliminary internal version of the data and

the corresponding instrumental response functions. As forthe Pass 7 Reprocessed data analysis,

we considered events of the so-called ‘Source’ class (as recommended by theFermi-LAT col-

laboration for the analysis of point sources and Galactic diffuse emission), with reconstructed

energies in the 0.2–100 GeV range. All event types of the SOURCE class were included: con-
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version in the front and back sections of the tracker, and allqualities of reconstructed energy

and direction. We focus below on the two sources that are the main point of the article.

Using the whole set of Pass 8 data, PSR J0540−6919 is detected with a test statistic of 307

(for the definition of the test statistic, see (41)), corresponding to a detection at the17σ confi-

dence level for 3 degrees of freedom (the spectral parameters of the power law with exponential

cutoff model). While significant pulsations were already detected with Pass 7 reprocessed data,

using Pass 8 data resulted in an increase of nearly2σ in the significance of the pulsations. This

results primarily from the∼ 25% increase in acceptance at 1–10 GeV energies.

Restricting the analysis to the time interval over which we have a valid rotation ephemeris

for PSR J0540−6919 (see below), we have performed a phase-resolved study by splitting the

rotation period into two phase intervals, on-pulse and off-pulse, the latter being conservatively

defined as the 0.3–0.8 phase range. In the on-pulse interval,PSR J0540−6919 is detected at the

11σ level and its spectrum can be described as a power law with photon index2.0 ± 0.2 and

an exponential cutoff at5.2 ± 2.1 GeV. In the off-pulse interval, PSR J0540−6919 is detected

at the4.7σ level, and its spectrum can be described as a simple power lawwith photon index

2.5 ± 0.1 (while being consistent with the power-law with exponential cutoff models of the

on-pulse interval and full data set). The corresponding spectra are presented in Fig. S1.

Using Pass 8 data, the source coincident with PSR J0537−6910 is detected with a test statis-

tic of 127, corresponding to a11σ detection for 4 degrees of freedom (the spectral parameters

of the power law model and the position parameters). The spectrum of the source can be de-

scribed as a simple power law with photon index2.1 ± 0.1, which is consistent with the results

obtained from the analysis of Pass 7 reprocessed data (27). Such a flat spectrum with significant

emission above 20 GeV is not typical of young pulsars and may result from the superposition of

weakly modulated pulsar emission with radiation from the associated pulsar wind nebula and/or

supernova remnant. The energy flux above 100 MeV ish = (1.4 ± 0.2) × 10−11 erg cm−2 s−1.
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Figure S1:Phase-resolved gamma-ray spectra of PSR J0540−6919. (A) On-pulse phase
interval. (B) Off-pulse phase interval. Upper limits correspond to a 95% confidence level. The
dashed green lines show the best-fit models.

For the determination of an upper limit on the pulsed emission from PSR J0537−6910, we also

quote the energy flux between 100 MeV and 10 GeV,h = (1.1 ± 0.2) × 10−11 erg cm−2 s−1.

S1.2 Rotation ephemerides for PSR J0540−6919 and PSR J0537−6910

The Fermi Large Area Telescope (LAT) gamma-ray data and the Iqueye photometer optical

data considered in our study were phase-folded with a rotation ephemeris for PSR J0540−6919
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based on Rossi X-ray Timing Explorer (RXTE) observations recorded between MJD 54602

(2008 May 16) and 55898 (2011 December 3). The solution uses the optical pulsar position,

αJ2000 = 05h40m11.202s andδJ2000 = −69◦19′54.17′′ (29), and models the period and period

derivative in intervals separated by two small discontinuities at MJDs 54966.4 and 55487.3

added to account for the data adequately. The resulting timing model predicts arrival times to

0.7 ms or 0.014 in pulsar phase. The timing parameters are listed in Table S1.

RXTE observations also provide an accurate ephemeris for PSR J0537−6910 valid from

MJD 54774 (4 November 2008) to 55701 (20 May 2011), using the pulsar X-ray positionαJ2000

= 05h37m47.36s, andδJ2000 = −69◦10′20.4′′ (42). Similarly to PSR J0540−6919, the solution

models the period in intervals separated by small discontinuities. The timing model predicts

arrival times to an accuracy of 0.2 ms or 0.014 in pulsar phase. The solution is given in Table S2.

S1.3 Upper limit on the pulsed luminosity of PSR J0537−6910

Analysis of the LAT data revealed a significant gamma-ray source at a position coincident with

PSR J0537−6910. Its spectrum is consistent with a simple power law extending to about

50 GeV without evidence for a cutoff characteristic of pulsar magnetospheric emission. We

nevertheless searched for pulsations from PSR J0537−6910 and failed to detect any pulsed sig-

nal with significance larger than1σ, suggesting that strongly pulsed emission is at most a small

fraction of the total signal from the source.

In order to determine an upper limit on the pulsed luminosityof PSR J0537−6910, we

selected LAT photons found within 5◦ of the pulsar and having energies 0.1–10 GeV, and we

assigned these photons probabilities that they originatedfrom PSR J0537−6910, based on the

emission model for the LMC. A Monte Carlo analysis was then performed in which for 100

logarithmically-spaced values of the pulsed fractionpfrac (wherepfrac is the fraction of photons

in the dataset contributing to the pulsed emission) between10−3 and 1, we simulated 1000

5



realizations of a Gaussian-shaped profile for the pulsed emission containingNpsr = pfrac ×

N photons (whereN denotes the total number of photons in the dataset) andNbkgd = N −

Npsr background photons with random phases. A full width at half maximum of 10% of the

pulsar rotation was used for the simulated gamma-ray profile, similar to the X-ray profile of

PSR J0537−6910 (11). For each realization,Npsr values of the spectral weights were selected

at random from the actual dataset, and the remaining spectral weights were randomly assigned

to the otherNbkgd photons. Finally, we calculated the weighted H-test parameter at each step,

and determined the fraction of> 5σ detections among the 1000 realizations, for eachpfrac

value.

The conclusion from the Monte Carlo analysis was that any value ofpfrac larger than∼ 0.06

results in highly significant detections in at least 95% of cases. This value ofpfrac can therefore

be used to place an upper limit on the pulsed luminosity of PSRJ0537−6910. With a total 0.1–

10 GeV luminosity for the source coincident with PSR J0537−6910 ofLγ, J0537 = 3.1 × 1036

erg s−1 (27), we obtain a limit ofpfrac × Lγ, J0537 ∼ 1.9 × 1035 erg s−1.
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Parameter Value
Right Ascension,αJ2000 . . . . . . . . . . . . . . . . . . . . 05h40m11.202s

Declination,δJ2000 . . . . . . . . . . . . . . . . . . . . . . . . . −69◦19′54.17′′

Reference Epoch (MJD) . . . . . . . . . . . . . . . . . . . .54792.81555049109
Spin Frequency,ν (Hz) . . . . . . . . . . . . . . . . . . . . . 19.74426902754
First Time Derivative ofν, ν̇ (10−10 Hz s−1) . . −1.8667600
Second Time Derivative ofν, ν̈ (10−21 Hz s−2) 3.7502
Epoch of Discontinuity 1 (MJD) . . . . . . . . . . . . .54966.4266616022
Increment in Rotational Phase . . . . . . . . . . . . . . .0.005
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . −0.56 × 10−8

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . 2 × 10−6

Increment in̈ν (10−21 Hz s−2) . . . . . . . . . . . . . . . 0.054
Epoch of Discontinuity 2 (MJD) . . . . . . . . . . . . .55487.25999493553
Increment in Rotational Phase . . . . . . . . . . . . . . .0.010
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . −1.96 × 10−8

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . 2.74 × 10−5

Increment in̈ν (10−21 Hz s−2) . . . . . . . . . . . . . . . −0.283
Solar System Ephemeris . . . . . . . . . . . . . . . . . . . . DE200
Reference Time Scale . . . . . . . . . . . . . . . . . . . . . . TDB
Validity Range (MJD) . . . . . . . . . . . . . . . . . . . . . . 54602 – 55898
RMS Timing Residuals (ms) . . . . . . . . . . . . . . . .0.7

Table S1: Timing parameters for PSR J0540−6919.

Parameter Value
Right Ascension,αJ2000 . . . . . . . . . . . . . . . . . . . . 05h37m47.36s

Declination,δJ2000 . . . . . . . . . . . . . . . . . . . . . . . . . −69◦10′20.4′′

Reference Epoch (MJD) . . . . . . . . . . . . . . . . . . . .54677.07480975035
Spin Frequency,ν (Hz) . . . . . . . . . . . . . . . . . . . . . 61.9815193952
First Time Derivative ofν, ν̇ (10−10 Hz s−1) . . −1.994664
Second Time Derivative ofν, ν̈ (10−21 Hz s−2) 9.6
Epoch of Discontinuity 1 (MJD) . . . . . . . . . . . . .54711.79703197257
Increment in Rotational Phase . . . . . . . . . . . . . . .0.090
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 6.5921 × 10−6

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . −0.716 × 10−3

Epoch of Discontinuity 2 (MJD) . . . . . . . . . . . . .54769.66740234294
Increment in Rotational Phase . . . . . . . . . . . . . . .0.696
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 22.4152 × 10−6

Continued on next page
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Parameter Value
Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . −0.846 × 10−3

Epoch of Discontinuity 3 (MJD) . . . . . . . . . . . . .54885.40814308368
Increment in Rotational Phase . . . . . . . . . . . . . . .0.741
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 21.2181 × 10−6

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . −1.004 × 10−3

Epoch of Discontinuity 4 (MJD) . . . . . . . . . . . . .55041.65814308368
Increment in Rotational Phase . . . . . . . . . . . . . . .0.378
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 13.4614 × 10−6

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . −1.563 × 10−3

Increment in̈ν (10−21 Hz s−2) . . . . . . . . . . . . . . . 11.3
Epoch of Discontinuity 5 (MJD) . . . . . . . . . . . . .55182.86184678738
Increment in Rotational Phase . . . . . . . . . . . . . . .0.582
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 13.0182 × 10−6

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . −2.6679 × 10−3

Epoch of Discontinuity 6 (MJD) . . . . . . . . . . . . .55267.35258752813
Increment in Rotational Phase . . . . . . . . . . . . . . .0.300
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 34.0678 × 10−6

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . −1.241 × 10−3

Increment in̈ν (10−21 Hz s−2) . . . . . . . . . . . . . . . −14.17
Epoch of Discontinuity 7 (MJD) . . . . . . . . . . . . .55452.53777271331
Increment in Rotational Phase . . . . . . . . . . . . . . .0.643
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 10.4278 × 10−6

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . −0.867 × 10−3

Epoch of Discontinuity 8 (MJD) . . . . . . . . . . . . .55452.53777271331
Increment in Rotational Phase . . . . . . . . . . . . . . .0.900
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 7.6476 × 10−6

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . −0.420 × 10−3

Epoch of Discontinuity 9 (MJD) . . . . . . . . . . . . .55556.70443937997
Increment in Rotational Phase . . . . . . . . . . . . . . .0.122
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 0.6292 × 10−6

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . 0.730 × 10−3

Epoch of Discontinuity 10 (MJD) . . . . . . . . . . . 55585.639624565163
Increment in Rotational Phase . . . . . . . . . . . . . . .0.027
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 5.4499 × 10−6

Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . −1.800 × 10−3

Epoch of Discontinuity 11 (MJD) . . . . . . . . . . . 55614.574809750346
Increment in Rotational Phase . . . . . . . . . . . . . . .0.156
Increment inν (Hz) . . . . . . . . . . . . . . . . . . . . . . . . 28.1097 × 10−6

Continued on next page
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Parameter Value
Increment inν̇ (10−10 Hz s−1) . . . . . . . . . . . . . . . 0.057 × 10−3

Solar System Ephemeris . . . . . . . . . . . . . . . . . . . . DE200
Reference Time Scale . . . . . . . . . . . . . . . . . . . . . . TDB
Validity Range (MJD) . . . . . . . . . . . . . . . . . . . . . . 54774 – 55701
RMS Timing Residuals (ms) . . . . . . . . . . . . . . . .0.2

Table S2: Timing parameters for PSR J0537−6910.
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