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Pulsars are rapidly rotating highly magnetized 
neutron stars, born in supernova explosions of 

massive stars.

Masses: 1.2 - 2 M⨀, Radii ~ 13 km.

Emission (radio, optical, X-ray, gamma rays…) 
produced in beams around the star. 

Pulsars are cosmic lighthouses!

Extreme objects:
• Luminosities up to 104 L⨀

• Surface temperature ~ 106 K
• Surface gravity ~ 1011 Earth’s
• Surface magnetic fields: 108 - 1015 G

Pulsars
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Why study pulsars in gamma rays?

Radio: negligible fraction of the energy output. 

In contrast, gamma-ray efficiencies η = Lγ/Ė 
are often larger than 10%. 

Gamma rays are a probe of primary 
acceleration processes in the magnetosphere. 

Also, gamma rays are beamed along magnetic 
field lines with small pitch angles. 

Gamma rays track the structure of the 
magnetic field. 

In addition, radio and gamma-ray beams have 
very different structures. 

⇒ different pulsar populations. 
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The pulsar detection problem

High-energy data: typically sparse, many pulsar 
rotations ⇒ blind search difficult. 

Goal: phase-fold the data with a timing model 
accounting for every single pulsar rotation over a 

given interval.

Typical parameters:
• right ascension α and declination δ, for 

converting the photon times to the Solar 
System Barycenter (SSB).

• rotational frequency and time derivatives: f0, f1, ... 

• orbital parameters for pulsars in binary systems. 

PSR J1231-1411 (P = 3.684 ms) as seen with Fermi LAT. 
Left: valid timing model, right: wrong timing model.

Earth and satellite motion around the SSB: 
α, δ 

Pulsar rotation and spin-down: 
f0, f1, … 

Binary motion? 
Pb, a, e, T0, … 
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Ways to find new γ-ray pulsars

• Folding the LAT data using known pulsar timing models, 
obtained from radio or X-ray timing measurements

Large pulsar timing campaign, allowing pulsation 
searches for >700 pulsars! (See Smith et al., A&A 

2008).

• Blind pulsation searches, directly in the LAT data

Only way of finding radio-quiet objects. Extremely 
computer intensive!

• Multi-wavelength observations of LAT unassociated 
sources

Pulsation searches in radio (sensitivity to MSPs, 
binary systems).

Optical and/or X-ray studies can locate binary 
companions and constrain orbital parameters.

 5

Analysis of ~4.5 yrs of LAT data 
for J1231-1411 (P ~ 3.684 ms, 

Pb~ 1.860 d).

Exposures can represent 1011 
pulsar rotations!
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Pulsation searches using ephemerides
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The Astrophysical Journal, 778:106 (12pp), 2013 December 1 Johnson et al.
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Figure 4. Phase-averaged gamma-ray spectrum of PSR B1821−24 with the
off-peak source included in the model. The black line shows the best-fit model
from the likelihood fit over the full energy range; dashed lines show the 1σ
confidence region. The pulsar was assumed to have a power-law spectrum in
each energy band and required to be found with a TS of at least 9, or else a 95%
confidence-level upper limit was calculated.

range φ ∈ [0.36, 0.56], where the quoted ranges correspond to
the peak positions plus and minus twice the best-fit widths.

Romani & Johnston (2001) and Knight et al. (2006) reported
that the first X-ray peak was consistent with the phase at which
giant pulses were observed in the radio (∼0.02 in phase after the
first radio peak). While the phases of the first X-ray and gamma-
ray peaks are not consistent with 0.02 within uncertainties, we
note that 0.02 is only an estimate and thus confirm that the first
X-ray peak and now the first gamma-ray peak are consistent with
the phase of giant pulses. Knight et al. (2006) also observed a
single giant pulse occurring 0.55 in phase after the bulk of the
giant pulses, which they contend represents a second population
of giant pulses from PSR B1821−24 based on the fact that this
pulse had 21 times the mean pulse energy and that Romani
& Johnston (2001) detected pulses at a similar phase. With
our phase convention, this corresponds to phase 0.57, which is
consistent with the phase of the second X-ray peak.

Given the very large spin-down luminosity of PSR
B1821−24, Venter (2008) proposed this MSP as a potential very
high energy target for H.E.S.S. (see also Frackowiak & Rudak
2005). The expected spectrum was very geometry dependent,
but some flux above 100 GeV would have been expected in
a screened polar cap model for an optimistic geometry. The
measured EC and the gamma-ray light-curve shape presented in
Figure 5 disfavor this model for PSR B1821−24.

5. DISCUSSION

5.1. Multi-wavelength Light Curves

The relative phasing of the multi-wavelength light-curve
components in Figure 5 presents a challenge to pulsar emission
models. Our preliminary attempts to explain the gamma-ray and
radio light curves of PSR B1821−24 using geometric models
yielded the following general conclusions.

It is extremely difficult, if at all possible, to obtain three radio
peaks of the correct shape and position in phase by invoking
only a single radio cone per magnetic pole (e.g., Story et al.
2007). If instead one attempts to model the first and third
radio peaks as originating from opposite magnetic poles, an
interpretation supported by the 0.35 GHz profile, the chosen
value of the observer angle (ζ ) must be within ∼4◦ of 90◦

Figure 5. Folded light curves of PSR B1821−24, from top to bottom:
!100 MeV, 3–16 keV, and 1.4 GHz. The light curves are shown over two
rotations for clarity; the solid (blue in the online version) lines over the second
rotation in the top two panels are the best-fit light-curve shapes. The dashed (red
in the online version) vertical line indicates the approximate phase from which
giant pulses have been observed. The dot-dashed (green in the online version)
vertical line indicates the center of P3 in the radio profiles.
(A color version of this figure is available in the online journal.)

with a magnetic inclination angle (χ ) between 40◦ (required so
that both P1 and P3 would be visible) and 60◦ (to provide the
correct radio peak multiplicity). This geometry results in the
correct radio phase separation but cannot produce the correct
gamma-ray peak positions (and shapes in some cases) when
using standard, geometric realizations of outer-magnetospheric
emission models (e.g., Cheng et al. 1986; Dyks & Rudak 2003).
Stated in a different way, one may find reasonable gamma-ray
profile fits (e.g., at χ= 40◦ and ζ = 85◦, although the peak
separation is somewhat small and we have to choose a different
fiducial phase), but then the radio peak multiplicity and/or peak
positions are not correct. There is therefore a tension between
the gamma-ray and radio profiles in terms of the most preferred
fit.

It is also possible to model the first two radio peaks using
a radio cone above a single pole. This interpretation would
be consistent with polarization measurements indicating high
linear and low circular polarization, as well as a nearly constant
position angle in these peaks (indicative of non-caustic, conal
emission; Backer & Sallmen 1997; Stairs et al. 1999). The
third peak may arise from the opposite pole. However, this
is problematic when using the standard prescription for radio
emission height (e.g., Kijak & Gil 2003; Story et al. 2007). The

8

The Astrophysical Journal, 778:106 (12pp), 2013 December 1 Johnson et al.

Figure 2. Timing residuals as a function of time for the model given in Table 1
(upper panel), and after whitening of the residuals using eight harmonically
related sinusoids (lower panel). The arrow (red in the online version) indicates
the epoch of the glitch of PSR B1821−24, vertical lines (green in the online
version) denote the epochs of the X-ray observations considered in this article,
and the dashed horizontal line (blue in the online version) shows the Fermi LAT
observation interval described in Section 3.3.
(A color version of this figure is available in the online journal.)

of PSR B1821−24. The latest proper-motion measurement
for M28 (Casetti-Dinescu et al. 2013) agrees well with our
values, with a total difference of 21 km s−1 at a distance
of 5.1 kpc. This difference is less than the estimated escape
velocity of 63.8 km s−1 (Gnedin et al. 2002), suggesting that
PSR B1821−24 is, in fact, bound to the cluster.

3.2. X-ray Data

The RXTE observations we report on here were performed
by the Proportional Counter Array (PCA, which consists
of five individual proportional counter units, PCUs) from
1996 September 16 (MJD 50,342.261) to 2007 April 26
(MJD 54,216.252), accumulating a total integration time of
∼469 ks. These observations employed anywhere from one to
five PCUs in various combinations during each observation with
data recorded using GoodXenon or GoodXenonwithPropane
mode. The PCA data were analyzed using the HEASoft version
6.12 data analysis suite. We employed a variety of bit masks25

to select events from the PCUs in the 3–16 keV range that were
on during each individual observation. In addition, Ray et al.
(2008) reported that including events from the first and second
anode layer improved the signal-to-noise ratio of the pulsed
detection, and we followed that prescription here. We did not
apply a background correction.

The PCA is not an imaging instrument. Rather, it has a field
of view approximately represented by a Gaussian with FWHM
of 14′ (Jahoda et al. 2006). This means that other X-ray sources
known to be in M28 and that have significant flux above 3 keV
(e.g., Becker et al. 2003) will contribute to the total count rate
in each observation. Because the contribution from these addi-
tional sources will add incoherently to the pulsed signal from
PSR B1821−24 and we cannot know which events are from PSR
B1821−24, we do not attempt to account for these additional

25 http://heasarc.nasa.gov/docs/xte/recipes/cook_book.html

X-ray sources in our analysis or to estimate a resulting back-
ground level for the pulsed analysis in Section 4.2.

The events that satisfy our selection criteria were barycen-
tered with the faxbary tool using the DE405 solar system
ephemeris and including the RXTE fine clock corrections, yield-
ing an individual event timing accuracy of ∼6 µs (Rots et al.
1998; Jahoda et al. 2006). The proper motion of the pulsar was
incorporated into the position used to barycenter the data at
each epoch. Pulse phases were calculated utilizing the Photon
Events plugin26 for Tempo2 and the radio ephemeris described
in Section 3.1.

3.3. LAT DATA: P7REP

Pass 7 LAT data have been reprocessed27 using updated
calibration constants for the detector subsystems, most im-
portantly for the calorimeter (CAL) to more accurately de-
scribe the position-dependent response of each scintillator crys-
tal and the slight decrease in scintillation light yield with time
(∼1% yr−1) from radiation exposure on orbit.

This reprocessing affected the LAT data (P7REP, hereafter)
in several ways. First, the point-spread function (PSF) is
significantly improved above a few GeV, with a reduction in the
68% containment radius of 30% (40%) for events converting
in the front (back) of the tracker (Bregeon et al. 2013). At
these energies, the improved calibration constants result in
more accurately calculated centroids of energy deposition in
the CAL to constrain the incident event direction. Second, the
significance of detection and precision of measured photon
flux is increased slightly for most sources—more strongly for
sources with hard spectra than for those with cutoffs at a few
GeV, like pulsars. Third, spectral features such as cutoff energies
are shifted upward slightly in energy (∼few %) by the change
in energy scale.

We selected events from the P7REP data corresponding to the
SOURCE class recorded between 2008 August 4 and 2012 March
31 with reconstructed directions within 11.◦5 of the pulsar radio
position, allowing us to construct a 16◦ × 16◦ square region
with no blank corners for a binned likelihood analysis (see
Section 4.1); energies from 0.1 to 100 GeV, the lower limit
that is recommended for analysis of P7REP data and the upper
limit that adequately covers the range of known pulsar cutoff
energies; and zenith angles !100◦, to reduce contamination of
gamma rays from the limb of the Earth. Good time intervals
were then selected corresponding to when the instrument was
in nominal science operations mode, the rocking angle of the
spacecraft did not exceed 52◦, the limb of the Earth did not
infringe upon the region of interest, and the data were flagged
as good. All LAT analyses were performed using the Fermi
Science Tools v9r27p1.

The recommended instrument response functions (IRFs,
which include the PSF, effective area, and energy dispersion) for
analyzing P7REP data are P7REP_V15. These IRFs are derived
from detailed simulations of the instrument (Ackermann et al.
2012) with some modifications based on on-orbit performance
checks, which are detailed below.

The accuracy with which incoming event directions are
reconstructed is dependent on the energy (E), interaction point

26 Written by Anne Archibald, http://www.physics.mcgill.ca/∼aarchiba/
photons_plug.html.
27 For more information about the updated calibrations and P7REP data, see
Bregeon et al. (2013) and http://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Pass7REP_usage.html.
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PSR B1821-24, 
Johnson et al. ApJ (2013)

Nançay timing

J1431-4715 & 
J1909-3744, Smith et al. 

arXiv:1706.03592

A « Pulsar Timing Consortium » has monitored 
>700 pulsars, providing ephemerides.

PTC: Parkes, Nançay, Jodrell Bank, RXTE, 
Westerbork, others…  

About 80 gamma-ray pulsars detected this way.

Best way to search for pulsations from gamma-
ray-faint pulsars! 

Some examples:
• Many young radio & gamma-ray pulsars (incl.  

EGRET pulsars)
• Many millisecond pulsars in the Galactic disk, 

such as the MSP in the « double pulsar » 
J0737-3039A.

• Pulsars in globular clusters: B1821-24, 
J1823-3021A.

• A gamma-ray pulsar in the LMC: B0540-69.

Searches still ongoing!
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New pulsars from blind γ-ray searches
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Galactic Sources Meeting — 16th Feb. 2016

Survey	Design

3

Parameter space split between 
104–106 “work units” each taking a 
few hours to perform: 

• Semicoherent search with lag 
window T = 221 s. 

• Intermediate refinement of 
top 5 candidates with T = 222 s 

• Coherent follow-up 

Further coherent and H-test 
refinement of top 20 candidates 
per source performed offline 

The semicoherent stage is the most 
time-consuming and limits the 
sensitivity of the survey
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118 sources, O(10,000) yrs CPU time!

LAT data sets are long and sparse, making « blind » 
pulsation searches extremely demanding.

Atwood et al. 2006: time differencing search 
technique reducing computational costs.

Pletsch et al. 2013: multistage search now done with 
the Einstein@Home volunteer computing system. 

About 60 pulsars discovered up to now! 
(Abdo et al. 2009, Saz Parkinson et al. 2010, Pletsch 

et al. 2012, 2013; Clark et al. 2015, 2016, etc). 

Several have glitches (J1838-0537: glitch of ~40µs 
among the largest observed!).

Very few (<10) have been detected in radio! 
Discoveries made significantly easier by Fermi.

The Astrophysical Journal Letters, 755:L20 (6pp), 2012 August 10 Pletsch et al.

Figure 1. Pulsar glitch analysis. Color coded is the weighted H-test statistic for photons lying within a 90 day window that is slid over the entire data set with 90%
overlap. Fixing the sky position at the pre-glitch (before MJD 55100) solution, for each window scans in H-test over {f, ḟ , f̈ } are done. Vertical axes show the time
midpoint of each window. Horizontal axes show the offsets from the inferred pre-glitch parameters in f (left), ḟ (middle), and f̈ (right).
(A color version of this figure is available in the online journal.)

Table 1
Parameters of PSR J1838−0537

Parameter Value

Right ascension, α (J2000.0) 18h38m56.s02(3)
Declination, δ (J2000.0) −05◦37′09′′(2)
Galactic longitude, l (◦) 26.5
Galactic latitude, b (◦) 0.2
Spin frequency, f (Hz) 6.863015715(4)a

6.86305339(1)b

Frequency 1st derivative, ḟ (10−11 Hz s−1) −2.18964(6)a

−2.2222(1)b

Frequency 2nd derivative, f̈ (10−22 Hz s−2) 5.0(4)a

17.0(9)b

Epoch (MJD) 55100.0
Data span (MJD) 54702–55836
Characteristic age, τc (yr) 4970
Spin-down power, Ė (erg s−1) 5.9 × 1036

Surface magnetic field strength, BS (G) 8.3 × 1012

Light-cylinder magnetic field strength, BLC (kG) 24.7
Photon index, Γ 1.8 ± 0.1
Cutoff energy, Ec (GeV) 5.6 ± 1.4
Photon flux above 100 MeV (10−8 photons cm−2 s−1) 23.9 ± 5.1
Energy flux above 100 MeV (10−11 erg cm−2 s−1) 17.5 ± 1.8

Notes. Numbers in parentheses are statistical 1σ errors in the last digits.
a Pre-glitch solution (before MJD 55100).
b Post-glitch solution (after MJD 55450).

preparation). Measuring such strong pulsar glitches is important,
as they may allow probing the physics of neutron-star interiors
(e.g., Shapiro & Teukolsky 1983; Haskell et al. 2012).

The measured parameters listed in Table 1 characterize the
pulsar as young and energetic. The implied characteristic age
and surface magnetic field strength are τ = −f/2ḟ = 4970 yr
and BS = 3.2 × 1019(−ḟ /f 3 s−1)1/2 G = 8.3 × 1012 G.
Assuming a neutron-star moment of inertia of I = 1045 g cm2,
the pulsar’s spin-down power is derived as Ė = −4π2If ḟ =
5.9 × 1036 erg s−1.

3.3. Pulse Profile and Spectral Parameters

Figure 2 shows the phase–time diagram and pulse profile
using the timing solution of Table 1. In the integrated pulse

profile (weighted pulse phase histogram) statistical errors are
obtained as (

∑
j w2

j )1/2, where j runs over all photons in
the same phase bin and wj denotes the jth photon’s probability
weight. Comparing the gamma-ray emission before and after the
glitch, we found no observable changes in flux, pulse profile or
spectrum of the pulsar, consistent with other LAT-pulsar glitches
(M. Dormody et al. 2012, in preparation).

The integrated pulse profile of PSR J1838−0537 is fitted
by two Lorentzian lines. The full widths at half-maximum
(FWHMs) for the first (P1) and second (P2) peak are 0.18±0.09
and 0.13 ± 0.05, respectively. The separation between the two
peaks is ∆ = 0.24±0.04. Figure 2 also exhibits a decrease in the
ratio of peaks P1 and P2 with increasing energy. Also observed in
other LAT pulsars (see, e.g., Abdo et al. 2010c, 2010d; Noutsos
et al. 2011), this is thought to be caused by varying gamma-ray
emission altitudes and curvature radii of the magnetic field lines
as the pulsar rotates (Abdo et al. 2010d).

Observing pulsed emission out to Emax ∼ 10 GeV implies
transparency to magnetic pair creation. This bounds the al-
titude r of emission (e.g., Abdo et al. 2010b), giving r !
(EmaxB12/2.7 GeV)2/5P −1/5R∗ in flat spacetime (S. A. Story
& M. G. Baring, in preparation) for surface fields 1012B12G.
For PSR J1838−0537 one obtains r " 6.1 R∗, precluding emis-
sion near the stellar surface.

Table 1 lists the best-fit values for Γ, Ec, and the photon and
energy fluxes of PSR J1838−0537 as derived from a spectral
analysis of the region, restricted to photons with pulse phases
between 0 and 0.5 maximizing the pulsar’s contribution. Further
details on the spectral analysis of PSR J1838−0537 and a search
for unpulsed gamma-ray emission from a putative pulsar wind
nebula (PWN) in the off-pulse phase interval will be reported
elsewhere (F. Aharonian et al. 2012, in preparation).

3.4. Pulsation Significance

Over the 1168 days, the obtained timing solution yields a
weighted H-test of 486.4, being extremely significant with a
single-trial false alarm probability of ∼10−92 (Kerr 2011).

Figure 3 investigates how this H-test value accumulates over
time. As expected, the signal increases linearly during times
where the timing solution describes the pulsar’s rotational
behavior well (before the glitch at MJD 55100 and after

3

Pletsch et al., ApJ Lett. 755, 20 (2012)
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The first radio-quiet MSP?
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Gamma-ray pulsar searches with 
Einstein@Home found 17 new pulsars 

(Clark et al. 2017, Wu et al. 2018). 

Two of the new pulsars are isolated MSPs, 
one of which being still undetected in radio!

J1744-7619: undetected in two 3-hr Parkes 
observations at 1.4 GHz.

J1035-6720: 348 Hz, S1400 ~ 40 µJy, 
DM ~ 84 pc cm-3

J1744-7619: 213 Hz, S1400 < 23 µJy, DM?

Both have extremely low radio luminosities. 
How many radio-quiet gamma-ray MSPs 

among LAT sources?
See Clark et al., Sci Adv. 2018.
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Radio searches of LAT unassociated sources

« Pulsar Search Consortium » (PSC). 
Telescopes involved: GBT, Arecibo, Parkes, 

GMRT, Nançay, Effelsberg, etc.

More than 80 pulsars discovered, mostly MSPs.

Significant contribution to the hunt for 
Galactic-disk MSPs!

MANY new redback and black widow systems.

Some of the new MSPs are being added to 
pulsar timing arrays (PTAs) to search for GWs.

Still probably more to be found in future LAT 
catalogs: gamma-ray and radio fluxes 

uncorrelated!
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TJJ 27th Texas Symposium 9 Dec. 2013
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Multi-wavelength Properties

No correlations.
Faint gamma-ray pulsar can be 
  bright radio pulsar.

Gamma-ray energy flux 
always greater than optical.

Young radio-quiet pulsars 
tend to have lower X-ray 
fluxes than radio-loud 
pulsars.

See also Marelli '12.

From 2PC
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Some recent highlights
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J1552+5437 (above), J0952-0607 & J0652+47: 3 MSPs 
discovered by LOFAR at 150 MHz! (see Pleunis et al. 

2017 & Bassa et al. 2017)

J0318+0253: first MSP discovered by FAST, in a LAT 
source! (Wang et al., ATEL11584).
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PTAs: cosmic-scale GW detectors
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In a « Pulsar Timing Array » (PTA), 
pulsars act as the arms of a cosmic 

GW detector.

Sources: supermassive black hole 
binaries, cosmic strings, stochastic 

background. 

Current efforts: EPTA (Europe), PPTA 
(Australia), NANOGrav (North Am.), 

IPTA (International).

Need 5 to 10 years of timing of 20 
pulsars with <100 ns accuracy. 

Several MSPs found in LAT sources are 
bright, stable, and have sharp profiles!

Gravitational Wave Detection with a Pulsar

Timing Array
● Need good MSPs

● Significance scales 
directly with the number 
of MSPs being timed.  
Lack of good MSPs is 
currently the biggest 
limitation

● Must time the pulsars for 
5-10 years at a precision 
of ~100 nano-seconds!

N. America Australia Europe
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Outlook 
 
The first direct observation of gravitational waves is a milestone, showing a new way to explore 
the distant non-thermal Universe and providing a means to investigate general relativity in a 
previously inaccessible regime. This is illustrated by the hundreds of publications following in the 
wake of the first detection. The LIGO instruments will presently be further upgraded through 
injection of squeezed light [44] as a means of reducing the quantum noise of the detectors and 
improving the sensitivity in the shot-noise-limited region at high frequencies, independently of 
the circulating light power. A new observation run is expected to start in autumn 2018. 
 
Several new detectors are under way: The Kamioka Gravitational Wave Detector (KAGRA), a laser 
interferometer with 3-km-long arms, developed at the University of Tokyo will hopefully start 
operations in 2018 [45]. The prototype TAMA300 demonstrated the feasibility of the project. 
LIGO-India [46] is a planned advanced gravitational-wave observatory envisaged as a 
collaboration between several Indian institutions, the LIGO laboratories in the US and LIGO’s 
international partners in Australia, Germany and the UK. The project will relocate a third LIGO 
interferometer, identical in design to the other two and originally planned for installation at 
Hanford. Both KAGRA and LIGO-India will operate as part of a gravitational detector network 
together with LIGO and VIRGO, contributing to superior source localisation. A next-generation 
ground- based observatory, the Einstein Telescope, which aims to probe a thousand times larger 
volume than LIGO, is currently under study within European Framework Programme FP7. 
 
 

 
 
Figure 6: The expected performance of future detectors in terms of strain and frequency [35]. 
 
 
A planned gravitational-wave observatory in space is the Laser Interferometer Space Antenna 
(LISA) [47], consisting of three spacecraft arranged in an equilateral triangle with 2.5-million-
km-long sides. The three craft will maintain their formation while following a circumsolar orbit, 
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LAT pulsars

60 young radio- and X-ray-selected (green circles, cyan crosses: EGRET pulsars)
57 young gamma-ray-selected (white squares)

96 radio-selected MSPs (red diamonds), 3 gamma-ray-selected MSP (yellow diamonds)
216 in total!

Public list of LAT-detected pulsars available at: https://confluence.slac.stanford.edu/x/5Jl6Bg
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https://confluence.slac.stanford.edu/x/5Jl6Bg
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Detection rate
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Gamma-ray pulsar detection rate surprisingly steady!
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The 200+ pulsars in the P-Ṗ diagram

 14

LAT pulsars are 
energetic objects.
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What is a gamma-ray pulsar like?

Vela = archetypal γ-ray pulsar.
➡ two sharp peaks separated by Δ ~ 0.4, with 

bridge emission in between.

➡ first peak lagging the radio peak (red arrow) 
by ~ 0.15. 

➡ Spectrum well modeled with an exponentially 
cut off power law, with Γ~1.37, and Ec ~ 3.15 

GeV.

➡ Spectral properties vary with phase.
(See Abdo et al., ApJ 713, 154, 2010)

Outer magnetospheric models are preferred. 
Emission likely due to curvature radiation in high-

altitude gaps, or beyond the light cylinder. 
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From the Second Fermi LAT Catalog of Gamma-
ray Pulsars (2PC), ApJ Suppl. 208, 17 (2013)
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Pulsar energetics

L� = 4⇡f⌦hd
2

Ė = 4⇡2I
Ṗ � ṖShk � ...

P 3

ṖShk = 2.43⇥ 10�11µ2
? d P

Can we get a clearer view of the Lγ vs Ė relationship? 

Where does the deathline for gamma-ray emission (if there’s any) lie?

Need accurate Ṗ measurements, proper motions, distances, and beaming estimates!
 16
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Understanding outliers is important!
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J1024-0719: distance and proper motion very 
accurately measured, but Ėint < 0!

Bassa et al. (2016): P0… P4 with ~20 yrs of timing! 

High-order period derivatives extremely unusual 
for MSPs.

Bassa et al. (2016): J1024-0719 and 2MASS 
J10243869−0719190 are in a wide (> 200 yr) 

orbit. Acceleration along the line of sight!

Unknown Ėint for this one at present!

Another example: is J1823-3021A orbiting an 
intermediate-mass BH at the center of its host 

cluster? (Perera et al. MNRAS 2017).

6 Bassa et al.

Figure 3. The position of PSR J1024�0719 (black), star B (blue) and star
F (grey) between 1950 and 2025. The positional uncertainties of stars B
and F are indicated by the ellipses at the OmegaCAM observation of star
B (epoch 2012.15) and the FORS1 observation of star F (epoch 2001.24).
The lines expanding from the ellipse illustrate the positional uncertainty
due to position and proper motion as a function of time. On the scale of
this plot, the uncertainties on the timing position and proper motion of
PSR J1024�0719 are negligible. Also plotted are measurements of the po-
sition of star B in the USNO-A2 (Monet et al. 1998), USNO-B1 (Monet
et al. 2003), 2MASS (Cutri et al. 2003; Skrutskie et al. 2006) and PPMXL
(Roeser et al. 2010) catalogs. The epochs of these measurements are given
in brackets. The USNO-A2 catalog does not provide positional uncertain-
ties; we conservatively estimate 0.004 uncertainties on the position.

4.2 Association with PSR J1024�0719

In Table 2, we list the proper motion and pulsar position propagated
to the epoch of the OmegaCAM observations (MJD 55984.135) for
several timing ephemerides of PSR J1024�0719. Within the uncer-
tainties, the pulsar position and proper motion as measured by the
three pulsar timing arrays are consistent with each other. We find
that star B is o↵set from PSR J1024�0719 by �↵ = �0.0012(5) and
�� = �0.0003(4), corresponding to a total o↵set of 0.0012(6). Here, the
uncertainty is dominated by the astrometric calibration against the
UCAC4 catalog. For star F, the total o↵set is 2.0037(11). Moreover,
the proper motions determined from the 14.2 year baseline between
the FORS1 and FORS2 observations show that, within 2�, star B
has a proper motion consistent with the pulsar.

The similarity in position and proper motion between star B
and PSR J1024�0719 is independently confirmed by several sur-
veys. At R = 18.78, star B is bright enough to have been recorded
on historic photographic plates and hence is included in the USNO-
A2 (Monet et al. 1998) and USNO-B1 (Monet et al. 2003) astro-
metric catalogs. It is also detected in the near-IR in the 2MASS
survey (Cutri et al. 2003; Skrutskie et al. 2006). Star B is present
in the PPMXL catalog by Roeser et al. (2010), which combines the
USNO-B1 and 2MASS astrometry to determine proper motions,
and also the APOP catalog by Qi et al. (2015), which uses STScI
digitized Schmidt survey plates originally utilized for the creation

Figure 4. Proper motion measurements of PSR J1024�0719 and star B. The
proper motion of PSR J1024�0719 is denoted by the thick black dot. The
proper motion of star B as determined in this work, the PPMXL catalog
(Roeser et al. 2010) and the APOP catalog (Qi et al. 2015) are shown with
the triangle, circle and square, respectively. The small points and histograms
at the top and right of the figure represent proper motion measurements from
stars in the APOP catalog, selecting 14754 stars within a radius of 1� around
PSR J1024�0719.

of the GSC II catalog (Lasker et al. 2008) to derive absolute proper
motions. The position and proper motion of star B in these catalogs
is plotted in Fig. 3 and Fig. 4 and listed in Table 2.

The probability that an unrelated star has, within the
uncertainties, a position and proper motion consistent with
PSR J1024�0719 is minuscule. The APOP catalog and the FORS2
photometry yield a stellar density for stars with R < 18.78 (equal
or brighter than star B) of 1 to 2 stars per square arcminute, while
within 1� from PSR J1024�0719, only 8 out of 7300 APOP stars
with R < 18.78 have a proper motion in right ascension and
declination that is within 10 mas yr�1 of that of PSR J1024�0719
(µ = 59.71 mas yr�1). Based on these numbers, we estimate that the
chance probability of a star having a similar position and proper
motion to PSR J1024�0719 is about 10�7 for stars equal or brighter
than star B. Such a low probability confirms that star B is associ-
ated with PSR J1024�0719 and that both objects form a common
proper motion pair.

At or above the brightness level of star F, there are about 10
objects per square arcminute in the FORS1 R-band image, suggest-
ing that there is a probability of about 7% of finding an object as
bright and close as star F with respect to the pulsar position. Hence,
we consider star F as a field star, not related to PSR J1024�0719.

4.3 Properties of star B

The spectroscopic observation of star B shows strong absorption
lines of Na D and Ca II, while H↵ is weak. There is some sugges-
tion of absorption from the TiO bands near 6300 and 7000 Å. A
comparison against templates from the library by Le Borgne et al.

MNRAS 000, 1–15 (2016)

From Bassa et al., MNRAS 460, 2207 
(2016)
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MSP gamma-ray detectability

Ė/d2 versus P for MSPs in the Galactic disk 
(adding gamma-ray MSPs in GCs, PSR 

J1823A and J1824A).

A large majority of energetic and nearby 
MSPs are seen in gamma rays: 75% above 

Ė/d2 = 5e33 erg/s/kpc2!

Confirmation that the gamma-ray 
detectability of MSPs depends crucially on 

Ė (and the distance).

Non-detections due to unfavorable 
beaming geometries? (Guillemot & Tauris, 

2014)

L. Guillemot1 et al.: The Gamma-ray Millisecond Pulsar Deathline, Revisited

Fig. 3. Left: Spin-down power Ė divided by the square of the distance d as a function of the period P, for MSPs in the Galactic disk. PSRs
J1823�3021A and J1824�2452A, two MSPs in globular clusters but detected in � rays, are included in the plot. Green stars represent �-ray MSPs,
undetected ones are shown as red circles. Guillemot & Tauris (2014) explain non-detections of energetic and distant MSPs in � rays as due to
unfavorable viewing angles. All Ė values are corrected for the e↵ect of the acceleration in the Galactic potential. Filled symbols indicate pulsars
for which we could correct for the kinematic Shklovskii e↵ect. The right-hand panel shows the cumulative fraction of MSPs detected in � rays,
with decreasing Ė/d2 as indicated by the green arrow. Right: Spin-down power values for the MSPs with Ė/d2 � 1.5 ⇥ 1032 erg s�1 kpc�2. Half of
the MSPs in this sample are seen with the Fermi LAT. The green histogram shows the �-detected MSPs, the empty histogram corresponds to the
total number of MSPs in each Ė decade. The dashed line shows the fraction of �-detected MSPs per Ė decade.

neutron star latitude profile more or less favorably. However, Johnson et al. (2014) found little variation in the f⌦ factors obtained415
for a sample of �-ray MSPs and under di↵erent emission models, their f⌦ values being typically close to unity. Varying geometrical416
correction factors thus likely play a limited role in the large L� spread. The spin-down power may also be a↵ected by magnetospheric417
parameters, such as the magnetic inclination, ↵, or the current flows. Spitkovsky (2006) and Pétri (2012) considered pulsars with418

force-free magnetospheres and found the following expression for the spin-down power: Ė↵ ' 3/2Ėvac
⇣
1 + sin2 ↵

⌘
where Ėvac =419

4⇡2
IṖ/P3 is the vacuum spin-down power typically used for estimating Ė. Similar to the correction to L� due to the f⌦ term, this420

correction to Ė can only partially mitigate the spread.421
How brightly an MSP emits in � rays, and how much of its total energy budget it converts into high-energy emission, surely422

depends on the shape and extent of the zone where electron cascades occur, and on the electric potential that can be sustained423
across the zone. The latter is mitigated by the plasma currents flowing through and around the zone. Continued modeling e↵orts424
to reproduce observations such as in Figure 4, and especially to allow predictions of the �-ray luminosity for arbitrary P, Ṗ, and ↵425
values would permit improved estimates of the MSP contribution to the di↵use background.426

5. Summary427

We have presented the analysis of several years of Nançay and Westerbork radio timing data for a selection of �-ray MSPs, which428
allowed us to determine their proper motions, and measure timing parallaxes for four of them. These parameters were used to429
improve our estimates of their spin-down power values by correcting for the Shlovskii e↵ect, and of their �-ray luminosities.430
We have also presented the analysis of more than six years of Pass 8 Fermi LAT �-ray data, leading to the discovery of high-431
energy pulsations for four MSPs: PSRs J0740+6620, J0931�1902, J1455�3330, and J1730�2304. The latter object is now the least432
energetic �-ray pulsar known, setting the empirical deathline for �-ray emission from MSPs to Ėdeath ⇠ 8 ⇥ 1032 erg s�1. PSRs433
J0610�2100 and J1024�0719, whose Ė values are likely unknown, could be even less energetic objects.434

By considering the population of known Galactic disk MSPs, we have confirmed that those seen to emit � rays by the Fermi LAT435
are the energetic and nearby ones. In the sample of MSPs with Ė/d2 values above 5 ⇥ 1033 erg s�1 kpc�2, 75% are observed to emit436
pulsed �-ray emission. Nevertheless, selecting �-ray MSPs with Shklovskii-corrected Ė values, we have showed that above Ėdeath437
the spin-down power and the �-ray luminosity appear mostly uncorrelated, in spite of the improved Ė and L� estimates. Varying438
moments of inertia, emission geometries and more realistic prescriptions for the energy budget that MSPs can convert into �-ray439
emission could mitigate the lack of apparent correlation. Continued analyses of Pass 8 LAT data may also reveal �-ray pulsations440
from even less energetic MSPs, constraining the �-ray emission deathline and the spin-down-power versus luminosity relationship441
further.442

Article number, page 11 of 13page.13

Green stars: gamma-ray-detected MSPs. 

Red circles: undetected ones.

Filled symbols: Shklovskii-corrected.
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The brightest known γ-ray pulsar

At the other end of the Lγ vs Ė diagram… 

PSRs J0537-6910 and B0540-69 in the LMC: 2nd 
and 3rd most energetic pulsars known. 

Analysis of 3.5 yrs of Pass 8 LAT data using 
RXTE X-ray ephemerides (from Frank Marshall):

- no detection of pulsations from J0537.

- significant detection of B0540, with γ-ray 
emission aligned with X-rays, optical and giant 

radio pulses!

B0540-69: first extragalactic γ-ray pulsar 
detected, also most luminous known (~20x 

more luminous than the Crab).

See Ackermann et al., Science 350, 801 (2015)
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bands. The radio profile exhibits two narrow
peaks separated by D ~ 0.25 in pulse phase. This
double-peak pattern is still visible on top of a
broader component in the optical profile. Struc-
tures in the x-ray and perhaps gamma-ray pro-
files are reminiscent of the double radio peaks
separated by D ~ 0.25, but both profiles are con-
sistent with a single bump spanning the interval
between the radio peaks. In outer-magnetosphere
models, the pulse peak profiles are sensitive to
the magnetic geometry. In the classical vacuum
“outer gap”model (5), pulse separations as small
as D = 0.25 occur for high-E

:
, narrow-gap pulsars

when the spin-axis viewing angle z is >80° and
the magnetic inclination a is <30° (27). Models
with partly resistive magnetospheres and emis-
sion extending beyond the light cylinder point to
z ≈ 60° and a ≈ 30°, but differing resistivity pre-
scriptions may allow larger z (7). For such ge-
ometry, the low-altitude classical radio emission
would not be observable, leaving only the high-
altitude giant pulse component.
The signal above the background estimate in

Fig. 2 suggests a steady component of the gamma-
ray emission from the direction of PSR J0540–
6919. Likelihood analysis of the data in the
off-pulse phase interval 0.3 to 0.8 shows a signif-
icant (~5s) point source at the position of PSR
J0540–6919. The spectrum is consistent with that
of the full phase interval but may be almost as
well described by a single power law (fig. S1). We

cannot currently distinguish whether this repre-
sents an unpulsed magnetospheric component,
emission from the associated pulsar wind nebula
LHA 120-N 158A or from the surrounding super-
nova remnant SNR 0540–69.3, or residual emis-
sion from the LMC itself. Comparing with the
flux in the on-pulse phase interval, we estimate
that the pulsed component is ≈75% of the total.
The choice of the off-pulse phase interval, hence
the unpulsed flux estimate, is conservative be-
cause it clearly includes pulsed optical and x-ray
emission (Fig. 2).
The phase-averaged spectrum of PSR J0540–

6919 is shown in Fig. 3. The photon spectrum is
well described by a power law with photon in-
dex 2.2 ± 0.1 and exponential cutoff atEcut = 7.5 ±
2.6 GeV. This photon index follows the trend of
increasing index with E

:
described in (3). This

correlation can be explained by stronger pair
formation activity in high-E

:
pulsars, reprocess-

ing the radiation to lower energies and leading to
steep radiating particle spectra. PSR J0540–6919
has the second largest magnetic field at the light
cylinder of any gamma-ray pulsar known, after the
Crab pulsar, with BLC ¼ 4p2ðIP

:
Þ1=2ðc3P5Þ−1=2 ¼

3:62$ 105 G. Our Ecut measurement favors the
trend of increasing cutoff energy as a function
of BLC, also noted in (3), suggesting emission

originating from the outer magnetosphere of
the neutron star.
The total phase-averaged luminosity of PSR

J0540–6919 above 100MeV isLg =4pfWhd
2 = 7.6×

1036(d/50 kpc)2 erg s–1, where h = (2.6 ± 0.3) × 10−11

erg cm–2 s–1 is the energy flux, and the geometry-
dependent beaming correction factor is fW ~ 1 for
young pulsars with the most probable viewing
angle of ~90° (27), which is consistent with the
geometrical setting derived above. As stated above,
≈75% of the total luminosity is pulsed and may
be safely attributed to the pulsar, 5.7 × 1036 erg s–1.
The systematic uncertainties in the spectrum
and luminosity of the source due to the complete
LMC emission model were found to be smaller
than the statistical uncertainties (28). Andwhereas
other pulsars’ luminosities can be severely affected
by distance uncertainties (for example, 25% for
the Crab pulsar), for PSR J0540–6919, the distance
to the LMC is known to 2% accuracy (10).
PSR J0540–6919 is often called the “Crab’s

twin” because they have similar magnetic field
strengths, rotation rates, and ages, so a compar-
ison is in order. The Crab pulse profile has two
peaks, phase-aligned from the radio to the gamma-
ray band, whereas PSR J0540–6919 has a broad
gamma-ray pulse straddling the phase-range of
the two narrow radio peaks, with structures in

SCIENCE sciencemag.org 13 NOVEMBER 2015 • VOL 350 ISSUE 6262 803

Fig. 2. Pulse profiles for PSR J0540–6919.
(A) Probability-weighted LATcount profile.The hori-
zontal dashed line approximates the background
level. Vertical lines indicate the on- and off-pulse
regions used for the LATspectral analysis. (B) RXTE
x-ray integrated count profile. (C) NTToptical count
profile. (D) Parkes radio flux profile from summing
18 bright giant radio pulses at 1.4 GHz. Two com-
plete cycles are shown.The error bars in the top three
panels represent the median phase bin errors.

Fig. 3. Spectral energy distribution of PSR J0540–6919. Pulsed radio data are from (26, 39).
Extinction-corrected phase-averaged near-infrared and optical fluxes are from (40, 41). X-ray fluxes are
from (24), including pulsed RXTE data and total spectra for the pulsar and its nebula from Swift and
INTEGRAL. Tera–electron volt upper limit is from (33). 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 kpcdistance are shown for comparison in light gray (9). (Inset) LATdata fit to a power
law with an exponential cutoff.
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Spin-down state change in B0540-69

 20

Since early-2015: new program to monitor 
B0540-69 with Swift XRT. 

~36% increase of the spin-down rate. Insight 
into the pulsar’s rotation mechanism! 

Accompanying changes in the γ-ray emission 
properties?

See Marshall et al., ApJL 807, 27 (2015) & 
Marshall et al.  ApJL 827, 39 (2016)
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Coming soon: « 3PC »
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No. 2, 2010 FIRST FERMI-LAT PULSAR CATALOG 463

Figure 1. Pulsar sky map in Galactic coordinates. Blue squares: gamma-ray-selected pulsars. Red triangles: millisecond gamma-ray pulsars. Green circles: all other
radio-loud gamma-ray pulsars. Black dots: pulsars for which gamma-ray pulsation searches were conducted using rotational ephemerides. Gray dots: known pulsars
which were not searched for pulsations.
(A color version of this figure is available in the online journal.)

with EGRET (Ramanamurthy et al. 1996; Kaspi et al. 2000),
the MSP seen marginally with EGRET (Kuiper et al. 2000),
PSR J2021+3651 discovered in gamma rays by AGILE (Halpern
et al. 2008), and some of the other pulsars also studied by AGILE
(Pellizzoni et al. 2009).

During the LAT commissioning period, several configuration
settings were tested that affected the LAT energy resolution and
reconstruction. However, these changes had no effect on the
LAT timing. Therefore, for the spectral analyses, the data were
collected from the start of the Fermi sky-survey observations
(2008 August 4, shortly before the end of the commissioning
period) until 2009 February 1, while the light curve and
periodicity test analysis starts from the first events recorded by
the LAT after launch (2008 June 25) and also extends through
2009 February 1.

2.1. Timing Analysis

We have conducted two distinct pulsation searches of Fermi-
LAT data. One search uses the ephemerides of known pulsars,
obtained from radio and X-ray observations. The other method
searches for periodicity in the arrival times of gamma rays com-
ing from the direction of neutron star candidates (“blind period
searches”). Both search strategies have advantages. The former
is sensitive to lower gamma-ray fluxes, and the comparison of
phase-aligned pulse profiles at different wavelengths is a power-
ful diagnostic of beam geometry. The blind period search allows
for the discovery of new pulsars with selection biases different
from those of radio searches, such as, for example, favoring pul-
sars with a broader range of inclinations between the rotation
and magnetic axes.

For each gamma-ray event (index i), the topocentric gamma-
ray arrival time recorded by the LAT is transferred to times at
the solar-system barycenter ti by correcting for the position of
Fermi in the solar-system frame. The rotation phase φi(ti) of

the neutron star is calculated from a timing model, such as a
truncated Taylor series expansion,

φi(ti) = φ0 +
j=N∑

j=0

fj × (ti − T0)j+1

(j + 1)!
. (1)

Here, T0 is the reference epoch of the pulsar ephemeris and
φ0 is the pulsar phase at t = T0. The coefficients fj are the
rotation frequency derivatives of order j. The rotation period
is P = 1/f0. Different timing models, described in detail in
Edwards et al. (2006), can take into account various physical
effects. Most germane to the present work is accurate φi(ti)
computations, even in the presence of the rotational instabilities
of the neutron star called “timing noise.” “Phase-folding” a
light curve, or pulse profile, means filling a histogram with
the fractional part of the φi values. An ephemeris includes
the pulsar coordinates necessary for barycentering, the fj and
T0 values, and may include parameters describing the pulsar
proper motion, glitch epochs, and more. The radio dispersion
measure (DM) is used to extrapolate the radio pulse arrival time
to infinite frequency, and uncertainties in the DM translate to an
uncertainty in the phase offset between the radio and gamma-ray
peaks.

2.1.1. Pulsars with Known Rotation Ephemerides

The ATNF database (version 1.36; Manchester et al. 2005)
lists 1826 pulsars, and more have been discovered and await
publication (Figure 1). The LAT observes them continuously
during the all-sky survey. Phase-folding the gamma rays com-
ing from the positions of all of these pulsars (consistent with
the energy-dependent LAT PSF) requires only modest compu-
tational resources. However, the best candidates for gamma-ray
emission are the pulsars with high Ė, which often have sub-
stantial timing noise. Ephemerides accurate enough to allow

The Astrophysical Journal Supplement Series, 208:17 (59pp), 2013 October Abdo et al.

Figure 2. Pulsar sky map in Galactic coordinates. The markers are the same as
in Figure 1.
(A color version of this figure is available in the online journal.)

3.2. Blind Periodicity Searches

The second method of discovering gamma-ray pulsars, which
produced 36 (approximately one-third) of the gamma-ray pul-
sars in this catalog, involves detecting the rotational period in
the LAT data. Both these searches and the radio searches de-
scribed in the next subsection begin with a target list of candidate
pulsars. Some targets are sources known at other wavelengths
that are suspected of harboring pulsars. These include super-
nova remnants (SNRs), pulsar wind nebulae (PWNe), compact
central objects (CCOs), unidentified TeV sources, and other
high-energy sources, mostly along the Galactic plane. Gener-
ally, these sources had already been subjected to deep radio
searches independent of Fermi.

In addition, as the LAT surveys the sky, an increasing number
of gamma-ray sources are discovered and characterized that are
not associated with previously known objects. Several methods
have been used to rank these according to their probabilities
of being yet-undiscovered pulsars. Most of these rely on the
tendency of gamma-ray pulsars to be non-variable and have
spectra that can be fit with exponential cutoffs in the few GeV
band (Ackermann et al. 2012b; Lee et al. 2012).

Blind searches for pulsars in gamma rays are challenging,
due to the wide pulsar parameter ranges that must be searched
and due to the sparseness of the data (a few photons per
hour for the brightest sources). This results in very long
integration times (months to years) making standard Fast Fourier
Transform search techniques computationally prohibitive. New
semi-coherent search techniques (Atwood et al. 2006; Pletsch
et al. 2012a) have been extremely successful at discovering
gamma-ray pulsars with modest computational requirements.

LAT blind search sensitivity depends on a number of param-
eters: the rotation frequency, energy spectrum, pulsed fraction,
level of diffuse gamma-ray background, event extraction choices
(e.g., ROI and Emin), and the accuracy of the position used to
barycenter the data. The 1 yr sensitivity was evaluated using a
Monte Carlo study by Dormody et al. (2011). Newer searches
(Pletsch et al. 2012a, 2012b) have mitigated dependence on
event selection criteria and source localization by weighting
events and searching over a grid of positions.

In all, well over one hundred LAT sources have been subjected
to blind period searches. Pulsars might have been missed due
to (1) low pulsed fraction or very high backgrounds, (2) broad
pulse profiles (our algorithms detect sharp pulses more easily),
(3) high levels of timing noise or glitches, or (4) being in an

unknown binary system. Most MSPs are in binary systems,
where the Doppler shifts from the orbital motion smear the
signal. In some cases, multiwavelength observations constrain
the orbit and position to make the search more like that of an
isolated MSP. Optical studies (Romani & Shaw 2011; Kong et al.
2012; Romani 2012) led to the first discovery of a millisecond
pulsar, PSR J1311−3430, in a blind search of LAT data (Pletsch
et al. 2012c). Detection of radio pulsations followed shortly
(Ray et al. 2013). Even isolated MSP searches require massive
computation with fine frequency and position gridding. The
Einstein@home96 project applies the power of global volunteer
computing to this problem.

For the LAT pulsars undetected in the radio (see Section 4.1),
or too faint for regular radio timing, we must determine the
pulsar timing ephemeris directly from the LAT data. Techniques
for TOA determination optimized for sparse photon data have
been developed and applied to generate the timing models
required for the profile analysis (Ray et al. 2011). This timing
provides much more precise pulsar positions than can be
determined from the LAT event directions, which is important
for multiwavelength counterpart searches. It also allows study
of timing noise and glitch behavior.

3.3. Radio Pulsar Discoveries Leading
to Gamma-Ray Pulsations

In the third discovery method that we applied, which yielded
20 of this catalog’s MSPs, unassociated LAT source positions
are searched for radio pulsations. When found, the resulting
ephemeris enables gamma-ray phase-folding, as in Section 3.1.
A key feature of radio pulsar searches is that they are sensitive to
binary systems with the application of techniques to correct for
the orbital acceleration in short data sets (with durations much
less than the binary period, Ransom et al. 2002). This allows for
the discovery of binary MSPs, which are largely inaccessible to
gamma-ray blind searches, as described above.

Radio searches of several hundred LAT sources by the Fermi
Pulsar Search Consortium (PSC), an international collaboration
of radio observers with access to large radio telescopes, have
resulted in the discovery of 47 pulsars, including 43 MSPs and
four young or middle-aged pulsars (Ray et al. 2012). As the
LAT Collaboration generates internal source lists and prelim-
inary catalogs of gamma-ray sources from the accumulating
sky-survey data, these target localizations are provided to the
PSC for searching, with rankings of how strongly their charac-
teristics resemble those of gamma-ray pulsars, as described in
Section 3.2. This technique was employed during the EGRET
era as well, but with modest success, in part due to the relatively
poor source localizations. With the LAT, there are many more
gamma-ray sources detected and each one is localized to an ac-
curacy that is comparable to, or smaller than, the beam width of
the radio telescopes being used. This enables deep searches by
removing the need to mosaic a large region. It also facilitates re-
peated searches of the same source, which is important because
discoveries can be missed as a result of scintillation or eclipses
in binary systems (e.g., PSR J0101−6422, see Kerr et al. 2012).

Guided by these ranked lists of pulsar-like gamma-ray
sources, the 43 radio MSPs were discovered in a tiny frac-
tion of the radio telescope time that would have been required
to find them in undirected radio pulsar surveys. In particular,
because the MSP population out to the LAT’s detection limit
(∼2 kpc) is distributed nearly uniformly across the sky, full sky

96 http://einstein.phys.uwm.edu

6

1PC

2PC

Now

3PC: Third catalog of LAT-detected pulsars, following 
1PC (46 pulsars, Abdo et al. 2010) and 2PC (117 

pulsars, Abdo et al. 2013).

3PC will summarize the properties of the >200 LAT-
detected pulsars. Will be followed by companion papers 

on specific aspects.

3PC will include:
• LAT detections, timing and spectral properties
• Pulse profile fits
• Distances, luminosities
• Sensitivity
• etc.

As for 2PC, ephemerides will be made available publicly.

Work on 3PC has begun!

Now



L. Guillemot, 13/08/18

Summary

More than 200 γ-ray pulsars are seen by the LAT. Many 
of them were found in LAT sources. 

Detection rate steady. LAT analyses continue to yield 
new discoveries and surprises!

Lots of efforts now put in the preparation of 3PC. 

Not talked about today:
• Very-high energy pulsar studies (see talk by Marcos 

Lopez Moya on Wednesday!)
• Phase-resolved analyses of bright pulsars

• Pulsar binaries (see talk by Tyrel Johnson on Thursday!)
• Redbacks and black-widow pulsars
• Modeling efforts

• X-ray, optical studies of LAT pulsars and LAT sources
• etc.

Thank you!
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