Pulsars: implications from Fermi LAT observations
and future prospects

Laboratoire de Physique et Chimie de l’Environnement et de l’Espace – Université
d’Orléans/CNRS, F-45071 Orléans, France
Station de radioastronomie de Nançay, Observatoire de CNRS/INSU, F-18330 Nançay, France,
E-mail: lucas.guillemot@cnrs-orleans.fr
Gamma-ray observations with the Fermi Large Area Telescope (LAT) have revealed significant
pulsations from more than 200 young and recycled, millisecond pulsars. These observations have
demonstrated that pulsars are by far the largest source class in the Galactic plane at GeV energies,
and more gamma-ray pulsars are still being revealed by the LAT. In these proceedings I give an
overview of the main results from Fermi LAT pulsar observations. I also discuss some of the
implications of these results in terms of population statistics and high-energy pulsar emission
properties.
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1. Gamma-ray pulsars in 2017
The Large Area Telescope (LAT), main instrument on the Fermi observatory, is sensitive to
photons with energies between 20 MeV and more than 300 GeV (see [1] for a detailed description).
Its unprecedented sensitivity, excellent timing accuracy (LAT timestamps are good to better than 1
µs relative to UTC, see [2]), and its survey observation strategy make the Fermi LAT a wonderful
instrument for observing and studying gamma-ray pulsars in the GeV domain.

Figure 2 shows the locations of the LAT-detected pulsars in the classical P – Ṗ diagram. Also
displayed in the diagram are lines of constant spin-down power Ė = 4π 2 I Ṗ/P3 , assuming a value
of 1045 g cm2 for the neutron star moment of inertia, I. We see from the diagram that the pulsars
seen by the LAT are energetic, and have Ė values above & 1033 erg s−1 . Pulsar distances, which
are not represented in the diagram, also play a key role in gamma-ray detectability. With a few
exceptions (e.g., pulsars in globular clusters, PSR B0540−69 in the Large Magellanic Cloud, etc.),
LAT pulsars are also nearby objects. From the black and grey dots in Figure 2 we see that many
pulsars with Ė values lower than 1033 erg s−1 have been searched for gamma-ray pulsations in the
LAT data, to no avail. The spin-down power threshold of ∼ 1033 erg s−1 is therefore an empirical
“deathline” for gamma-ray emission.
For gamma-ray pulsars with measured distances it is possible to calculate the gamma-ray
luminosity Lγ , and compare it with the spin-down power Ė. The latter quantity can be seen as the
total energy budget that pulsars can convert into, for instance, electromagnetic radiation. Figure 3
displays the luminosities of LAT-detected pulsars as a function of Ė. Observed luminosities span
almost five orders of magnitude, and spin-down powers span about six. The two quantities are
clearly correlated, although luminosity values in a given Ė range are often highly dispersed. One
of the key questions to address is that of the exact relationship between Lγ and Ė. Getting more
accurate distance and proper motion estimates (transverse proper motions can make apparent and
intrinsic Ṗ values differ significantly, see [12]) e.g. from timing measurements, beaming constraints
from theoretical studies, and understanding outliers (such as PSR J1024−0719 whose apparent
1 See

https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+
LAT-Detected+Gamma-Ray+Pulsars for a publicly-available list of LAT-detected pulsars.
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Since the launch of Fermi in 2008, observations with the LAT have revolutionized our view
of the population of gamma-ray pulsars. From fewer than ten firm pulsar detections and a few
marginal ones before the mission (thanks to observations made by AGILE, EGRET, and previous
instruments; e.g. [3, 4]), we now stand at a total of 210 pulsars1 firmly detected in gamma rays with
the LAT, a non-negligible fraction of the ∼2600 pulsars known currently at any wavelengths [5].
Figure 1 shows a map of the LAT-detected pulsars in Galactic coordinates. As can be seen from
this map, a high fraction of low Galactic latitude LAT sources are “normal” pulsars (i.e., pulsars
with spin periods P ranging from ' 50 ms to 10 s, and large spin-down rates Ṗ), similar to those
known prior to Fermi. Interestingly, the LAT also detects many pulsars at high Galactic latitudes.
Most of these pulsars are “millisecond” pulsars (MSPs, with spin periods P below ' 30 ms and
very low Ṗ values), thought to have spun-up to millisecond periods by the accretion of matter and
transfer of angular momentum from a binary companion [6, 7]. The vast majority of gamma-ray
MSPs are in the Galactic disk, and a few are in globular clusters [8, 9].
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spin-down rate is severely affected by acceleration around a nearby main sequence star, see [13])
will be crucial for addressing this problem.

2. Gamma-ray pulsar detections and discoveries
A plot of the number of LAT-detected pulsars as a function of time from early 2009 (i.e., soon
after Fermi’s launch) to mid-2016, split into different pulsar sub-populations, is shown in Figure 4.
Interestingly, the total number of LAT-detected pulsars has so far increased almost linearly. Sudden
increases in the detection rate can have multiple causes: LAT data improvements (e.g. Pass 8),
bursts of pulsar discoveries from gamma-ray blind searches, etc. Up to now (the numbers quoted in
the rest of this section may slightly differ from those in Figure 4), a total of 58 normal pulsars known
to emit radio and/or X-ray emission have been detected by the LAT. A recent and particularly
interesting example is that of PSR B0540−69 in the Large Magellanic Cloud [14]. Gamma-ray
pulsations from this pulsar are relatively faint, but its very large distance for a gamma-ray pulsar
of ∼50 kpc makes B0540−69 the most luminous gamma-ray pulsar known at present. Smith et
al. (2017) [11] also recently reported the detection of six recently-discovered pulsars with the
LAT, some of them exhibiting very faint gamma-ray pulsations. A “Pulsar Timing Consortium”
was organized before the launch of Fermi, to provide the LAT collaboration with contemporaneous
timing solutions for as many pulsars as possible [15]. Most of these pulsars have been detected
2
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Figure 1: Map showing Pass 8 Fermi LAT all-sky survey data in Galactic coordinates, with the locations of
LAT-detected pulsars. Green circles indicate normal, radio- and/or X-ray-loud pulsars. Cyan crosses show
the pulsars already seen by EGRET, and white squares correspond to gamma-ray-selected normal pulsars,
i.e., pulsars discovered in blind searches of the LAT data (see Section 2). Red diamonds are millisecond
pulsars that were first known from radio observations, while yellow diamonds correspond to MSPs found by
blind searching the LAT data, similarly to gamma-ray-selected normal pulsars.
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Figure 2: Period P – spin-down rate Ṗ diagram showing the currently known population of pulsars, and
representing LAT-detected pulsars as colored symbols. Black dots correspond to pulsars for which gammaray pulsations have been searched for in the LAT data. Grey dots are pulsars that have not been searched for
gamma-ray pulsations. Orange triangles display radio MSPs found at the locations of LAT sources and with
no gamma-ray pulsations detected to date, although most of them are expected to be detectable as pulsed
sources of gamma rays once accurate timing solutions covering several years of LAT data will become
available. The line of orange triangles at the bottom left of the diagram are radio MSPs discovered in LAT
sources, with currently unknown or unpublished spin-down rates. Lines of constant characteristic age τ,
surface magnetic field Bs , and spin-down power Ė are also displayed. This figure is updated from 2PC, the
second Fermi LAT catalog of gamma-ray pulsars [10], and is adapted from [11].

using timing solutions provided by this consortium, whose contribution is also vital for probing the
gamma-ray emission “deathline” (as can be seen from the black and grey dots in Figure 2).
An increasing population of normal “gamma-ray-selected” pulsars, comprising 57 objects at
present, were not known prior to Fermi and were discovered by blind searching the LAT data
for pulsars (e.g. [16, 17]). Due to the paucity of LAT photons, blind searches for gamma-ray
pulsars with no (or limited) information about the precise sky location and rotational parameters
are extremely computer intensive. Efficient techniques have been developed to tackle this problem [18, 19], but still require large amounts of computing power. Some of the newly-discovered
gamma-ray pulsars are very interesting: PSR J1838−0537 has suffered one of the largest glitches
ever observed, which has made its discovery difficult [20]. PSR J1208−6238 [21], discovered in
3
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a blind survey of the LAT data with the Einstein@Home volunteer computing system, has a measurable braking index giving us valuable insights into the pulsar’s braking mechanism. Braking
indices have only been measured for about ten pulsars so far. Clark et al. (2017) [22] and Wu
et al. (2017, submitted) present the properties of 13 pulsars found in a recent survey with Einstein@Home. Similarly to the rest of the population of “gamma-ray-selected” normal pulsars, very
few of them are also detected in radio, in spite of deep radio observations. Without the LAT, it
is thus likely that these radio-quiet or radio-faint pulsars would have remained unknown for many
years. Blind searches for pulsars in the LAT data will continue in the future, and will for example
use unassociated sources from the upcoming 4FGL catalog as their search targets.
Finally, one of the most significant results of the Fermi LAT was mostly unexpected before the
launch of Fermi. Although no gamma-ray MSP had been firmly detected to emit gamma-ray pulses
at the beginning of the mission, MSPs now represent almost half of the total LAT pulsar population
(see Figure 4). The majority of LAT-detected MSPs are in the Galactic disk (e.g. [23]). Some
MSPs in globular clusters are detected individually, as pulsed sources of gamma rays [8, 9]. Most
of the MSPs seen by the LAT were first known from radio observations, and were either found in
“traditional” radio pulsar surveys or in searches for radio pulsars at the locations of LAT sources
with no known associations, by the telescopes involved in the Pulsar Search Consortium (PSC). The
4
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Figure 3: Gamma-ray luminosity as a function of spin-down power, for the LAT-detected pulsars. The
colors and markers are the same as in Figure 2. Luminosities were calculated as Lγ = 4π fΩ hd 2 , where d is
the distance, h is the gamma-ray energy flux, and fΩ is a geometrical correction factor. For this plot we used
fΩ = 1 for all pulsars. This figure is updated from 2PC. Figure courtesy of David A. Smith.
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Figure 4: Number of LAT-detected pulsars as a function of time, until April 2016. The green line corresponds to radio- or X-ray-selected normal pulsars, while the number of gamma-ray-selected normal pulsars
is represented by the dashed blue line. The dashed red line corresponds to MSPs. The total number of
LAT-detected pulsars, corresponding to the sum of these three sub-populations, is shown by the black line.
Finally, the magenta line shows the number of pulsars found in LAT sources by the Pulsar Search Consortium. Most of these pulsars are MSPs, that are eventually detected as pulsed sources of gamma rays, once a
good timing solution becomes available.

latter searches have been amazingly successful, with more than 80 pulsars discovered so far, most
of them being MSPs. A large fraction of these new MSPs are black widows or redback systems.
Some MSPs are very stable rotators and are being added to Pulsar Timing Arrays (e.g., [24]), which
aim at detecting and characterizing very low-frequency (typically, ∼ 1 nHz) gravitational waves,
by analyzing the radio pulse arrival times from a population of stable MSPs distributed across
the sky. Without any prior information on the orbital parameters, MSPs, which often reside in
binary systems, are extremely difficult to find in direct blind searches of the LAT data. The black
widow pulsar PSR J1311−3430, whose orbital parameters had been constrained with sufficient
accuracy by optical observations, was the first MSP ever found in blind gamma-ray searches [25].
More recently, two isolated MSPs have been discovered, with Einstein@Home (Clark et al. 2017,
submitted). A more detailed description of searches for millisecond pulsars in LAT sources and of
the numerous discoveries can be found in the contribution by C. Clark, these proceedings. Similarly
to normal pulsars, blind searches will likely uncover more MSPs; and PSC telescopes will also
likely continue to discover more radio MSPs in LAT sources with no known counterparts.
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3. Pulsar emission properties and the third catalog of LAT pulsars
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