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Pulsars are rapidly rotating, highly magnetized neutron stars emitting radiation across the electromagnetic
spectrum. Although there are more than 1800 known radio pulsars, until recently only seven were observed
to pulse in gamma rays, and these were all discovered at other wavelengths. The Fermi Large Area
Telescope (LAT) makes it possible to pinpoint neutron stars through their gamma-ray pulsations. We report
the detection of 16 gamma-ray pulsars in blind frequency searches using the LAT. Most of these pulsars are
coincident with previously unidentified gamma-ray sources, and many are associated with supernova
remnants. Direct detection of gamma-ray pulsars enables studies of emission mechanisms, population
statistics, and the energetics of pulsar wind nebulae and supernova remnants.

Awide variety of astrophysical phenomena,
such as black holes, active galactic nuclei,
gamma-ray bursts, and pulsars, are known

to produce photons with energies exceeding tens
of megaelectron volts. Detection and accurate lo-

calization of sources at these energies is challenging
because of the low fluxes involved and the limita-
tions of the detection techniques. The sky above
100 MeV was surveyed more than 30 years ago by
the COS-B satellite (1) and more recently by the

Energetic Gamma Ray Experiment Telescope
(EGRET) (2) onboard the Compton Gamma Ray
Observatory. One of the main legacies of EGRET
was the detection of ~300 gamma-ray sources, many
ofwhich have remained unidentified despite searches
at a wide variety of wavelengths (3). Many EGRET
(and COS-B) unidentified sources are thought to be
of galactic origin because of their lack of variability
and concentration along the galactic plane. A large
fraction of these have been suspected to be pulsars
[e.g., (4–6)] despite deep radio and x-ray searches
often failing to uncover pulsed emission, even when
the gamma-ray sources were coincident with super-
novaremnants (SNRs)orpulsarwindnebulae (PWNs).
The lack of radio pulsations has usually been ex-
plained as the narrow radio beamsmissing the line of
sight toward Earth (7). We refer to such pulsars as
“radio-quiet”; even though theymayemit radiowaves,
these cannot be detected at Earth. Before the launch
of the Fermi Gamma-ray Space Telescope, Geminga
(8) was the only known radio-quiet gamma-ray pul-
sar. Current models of pulsar gamma-ray emission
predict that gamma-ray beams are much wider than
radio beams (9), thus suggesting that there may be a
large population of radio-quiet gamma-ray pulsars.

Soon after launch on 11 June 2008, the Large
Area Telescope (LAT) onboard Fermi began sur-
veying the sky at energies above 20 MeV. A
companion paper describes the LAT detection of
a population of gamma-ray millisecond pulsars
(MSPs) (10). Here we report the detection of 16
pulsars found in blind frequency searches using
the LAT. Previously, gamma-ray pulsars had been
detected only with the use of a radio (or, in the
case of Geminga, an x-ray) ephemeris.

Observations and data analysis. The LAT is a
high-energy gamma-ray telescope sensitive to photon
energies from 20 MeV to >300 GeV, featuring a
solid-state silicon tracker, a cesium-iodide calorimeter,
and an anticoincidence detector (11). Gamma-ray
events recorded in the LAThave time stamps derived
from a GPS clock on the Fermi satellite with an ac-
curacyof<1ms (12). TheLAToperates in continuous
sky survey mode, covering the entire sky every 3
hours. Relative to EGRET, the LAT has a larger
effective area (9500 cm2 at normal incidence), larger
field of view (2.4 sr), more efficient use of time on
orbit for photon collection, and a finer point spread
function (5° at 100 MeV, 0.8° at 1 GeV). The first
three factors result in more rapid photon accumula-
tion, and the fourth increases the signal-to-noise ratio
by improving the background rejection.
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Evenwith the improvements of theLAT, gamma-
ray data remain extremely sparse. The brightest
steady gamma-ray source in the sky, the Vela pulsar,
spins 11 times per second; however, it provides fewer
than 100 (>30MeV)photons during every twoorbits
of the LAT (13). As a result, detection of gamma-ray
pulsations from sources with more typical brightness
requires weeks or months of data. A standard tech-
nique for finding a periodic signal in a data set is a fast
Fourier transform (FFT). A fully coherent FFT be-
comesmemory-intensive because the number of fre-
quency bins in the FFT increases with the length of
the observational time:Nbins = 2Tfmax, where T is the
duration of the observation and fmax is the maximum
frequency. Furthermore, pulsars gradually spin down
as they radiate away energy, requiring the computa-
tion of many tens of thousands of FFTs to scan a

realistic frequency and frequency derivative ( f and ḟ )
parameter space; this makes FFT searches computa-
tionally intensive, if not prohibitive [e.g., (14)]. We
thus used the time-differencing technique (15) and a
fixed window of T = 219 s (~1week). This markedly
reduces the number of FFT bins and frequency de-
rivative trials. This method was successfully applied
to EGRET data (16).

We applied the time-differencing technique to
photons from a small region of interest around se-
lected target positions. We used two sets of target
positions. The first was a list of ~100 promising loca-
tions derived from multiwavelength observations.
This list was selected on the basis of location in the
galactic plane, spectra, lack of long-term variability,
and presence of an SNR, a PWN, or a likely neutron
star identified fromx-ray observations.Many of these

locations were unidentified gamma-ray sources from
EGRET. The second list, compiled after the LAT
started collecting data, included locations of gamma-
ray sources from a preliminary version of the LAT
catalog. After eliminating sources with probable
active galactic nuclei associations, we ended up with
~200 locations, of which 36 were consistent with
previously unidentified EGRET sources.

We analyzed data collected from sky survey ob-
servations beginning on 4 August 2008 and ending
on 25 December 2008.We applied a barycenter cor-
rection using the JPLDE405 solar system ephemeris
(17), assuming that the source position was either a
likely candidate counterpart, found through multi-
wavelength studies, or our best estimate based on
LAT data. This translation into the nearly inertial ref-
erence frame of the solar system barycenter corrects

1Space Science Division, Naval Research Laboratory, Wash-
ington, DC 20375, USA. 2W. W. Hansen Experimental Physics
Laboratory, Kavli Institute for Particle Astrophysics and Cos-
mology, Department of Physics and SLAC National Accelerator
Laboratory, Stanford University, Stanford, CA 94305, USA.
3Santa Cruz Institute for Particle Physics, Department of
Physics and Department of Astronomy and Astrophysics,
University of California, Santa Cruz, CA 95064, USA. 4Oskar
Klein Centre for Cosmo Particle Physics, AlbaNova, SE-106 91
Stockholm, Sweden. 5Department of Astronomy, Stockholm
University, SE-106 91 Stockholm, Sweden. 6Istituto Nazionale
di Fisica Nucleare, Sezione di Pisa, I-56127 Pisa, Italy.
7Laboratoire AIM, CEA-IRFU/CNRS/Université Paris Diderot,
Service d’Astrophysique, CEA Saclay, 91191 Gif-sur-Yvette,
France. 8Istituto Nazionale di Fisica Nucleare, Sezione di
Trieste, I-34127 Trieste, Italy. 9Dipartimento di Fisica, Uni-
versità di Trieste, I-34127 Trieste, Italy. 10Department of
Physics and Astronomy, Rice University, Houston, TX 77251,
USA. 11Istituto Nazionale di Fisica Nucleare, Sezione di
Padova, I-35131 Padova, Italy. 12Dipartimento di Fisica
“G. Galilei,” Università di Padova, I-35131 Padova, Italy.
13Department of Physics, Center for Cosmology and Astro-
Particle Physics, Ohio State University, Columbus, OH 43210,
USA. 14Istituto Universitario di Studi Superiori, I-27100 Pavia,
Italy. 15Istituto Nazionale di Fisica Nucleare, Sezione di
Perugia, I-06123 Perugia, Italy. 16Dipartimento di Fisica,
Università degli Studi di Perugia, I-06123 Perugia, Italy.
17Dipartimento di Fisica “M. Merlin” dell’Università e del
Politecnico di Bari, I-70126 Bari, Italy. 18Istituto Nazionale di
Fisica Nucleare, Sezione di Bari, 70126 Bari, Italy. 19Labo-

ratoire Leprince-Ringuet, École Polytechnique, CNRS/IN2P3,
Palaiseau, France. 20Department of Physics, University of
Washington, Seattle, WA 98195, USA. 21INAF-Istituto di
Astrofisica Spaziale e Fisica Cosmica, I-20133 Milano, Italy.
22NASA Goddard Space Flight Center, Greenbelt, MD 20771,
USA. 23George Mason University, Fairfax, VA 22030, USA.
24Laboratoire de Physique Théorique et Astroparticules,
Université Montpellier 2, CNRS/IN2P3, Montpellier, France.
25Department of Physics, Royal Institute of Technology (KTH),
AlbaNova, SE-106 91 Stockholm, Sweden. 26Department of
Physics, Stockholm University, AlbaNova, SE-106 91 Stock-
holm, Sweden. 27Agenzia Spaziale Italiana (ASI) Science Data
Center, I-00044 Frascati (Roma), Italy. 28Dipartimento di
Fisica, Università di Udine and Istituto Nazionale di Fisica
Nucleare, Sezione di Trieste, Gruppo Collegato di Udine,
I-33100 Udine, Italy. 29CNRS/IN2P3, Centre d’Études Nucléaires
Bordeaux Gradignan, UMR 5797, 33175 Gradignan, France.
30Université de Bordeaux, Centre d’Études Nucléaires Bor-
deaux Gradignan, UMR 5797, 33175 Gradignan, France.
31Department of Physical Sciences, Hiroshima University,
Higashi-Hiroshima, Hiroshima 739-8526, Japan. 32University
of Maryland, College Park, MD 20742, USA. 33University of
Alabama, Huntsville, AL 35899, USA. 34Waseda University,
1-104 Totsukamachi, Shinjuku-ku, Tokyo, 169-8050, Japan.
35Cosmic Radiation Laboratory, Institute of Physical and
Chemical Research (RIKEN), Wako, Saitama 351-0198, Japan.
36Department of Physics, Tokyo Institute of Technology,
Meguro City, Tokyo 152-8551, Japan. 37Centre d’Étude
Spatiale des Rayonnements, CNRS/UPS, BP 44346, F-30128
Toulouse Cedex 4, France. 38Istituto Nazionale di Fisica

Nucleare, Sezione di Roma “Tor Vergata,” I-00133 Roma,
Italy. 39Department of Physics and Astronomy, University of
Denver, Denver, CO 80208, USA. 40Max-Planck-Institut für
Extraterrestrische Physik, 85748 Garching, Germany. 41Ster-
renkundig Institut “Anton Pannekoek,” 1098 SJ Amsterdam,
Netherlands. 42Institut de Ciencies de l’Espai (IEEC-CSIC),
Campus UAB, 08193 Barcelona, Spain. 43Space Sciences
Division, NASA Ames Research Center, Moffett Field, CA
94035, USA. 44NYCB Real-Time Computing Inc., Lattingtown,
NY 11560, USA. 45Department of Chemistry and Physics,
Purdue University Calumet, Hammond, IN 46323, USA.
46Institute of Space and Astronautical Science, JAXA, 3-1-1
Yoshinodai, Sagamihara, Kanagawa 229-8510, Japan. 47Max-
Planck-Institut für Kernphysik, D-69029Heidelberg, Germany.
48InstitucióCatalana de Recerca i Estudis Avançats, Barcelona,
Spain. 49Consorzio Interuniversitario per la Fisica Spaziale,
I-10133 Torino, Italy. 50Center for Research and Exploration in
Space Science and Technology, NASA Goddard Space Flight
Center, Greenbelt, MD 20771, USA. 51University of Maryland,
Baltimore County, Baltimore, MD 21250, USA. 52Dipartimento
di Fisica, Università di Roma “Tor Vergata,” I-00133 Roma,
Italy. 53School of Pure and AppliedNatural Sciences, University
of Kalmar, SE-391 82 Kalmar, Sweden.

*National Research Council Research Associate.
†Royal Swedish Academy of Sciences Research Fellow,
funded by a grant from the K. A. Wallenberg Foundation.
‡To whom correspondence should be addressed. E-mail:
dormody@scipp.ucsc.edu (M.D.); paul.ray@nrl.navy.mil (P.S.R.);
pablo@scipp.ucsc.edu (P.M.S.P.); ziegler@scipp.ucsc.edu (M.Z.)

Table 1. Names and locations of the gamma-ray pulsars discovered in our blind searches. The “assumed counterpart” column is the x-ray source that provided
the position for the timing model, which in some cases may not be the true counterpart; l and b are galactic longitude and latitude, respectively.

LAT PSR LAT source 0FGL EGRET source Assumed counterpart RA (°) Dec (°) l (°) b (°)

J0007+7303 J0007.4+7303 3EG J0010+7309 RX J0007.0+7303 in G119.5+10.3 (37) 1.7565 73.0523 119.7 10.5
J0357+32 J0357.5+3205 59.445 32.105 162.7 –16.0
J0633+0632 J0633.5+0634 3EG J0631+0642 Swift J063343.8+063223 98.4333 6.5403 205.1 –0.9
J1418–6058 J1418.8–6058 3EG J1420–6038 R1 in G313.3+0.1 (24) 214.6779 –60.9675 313.3 0.1
J1459–60 J1459.4–6056 224.874 –60.878 317.9 –1.8
J1732–31 J1732.8–3135 3EG J1734–3232 263.169 –31.610 356.2 0.9
J1741–2054 J1742.1–2054 3EG J1741–2050 Swift J174157.8–205412 265.4908 –20.9033 6.4 4.9
J1809–2332 J1809.5–2331 3EG J1809–2328 CXOU J180950.2–233223 in G7.4–2.0 (38) 272.4592 –23.5397 7.4 –2.0
J1813–1246 J1813.5–1248 GeV J1814–1228 Swift J181323.4–124600 273.3475 –12.7668 17.2 2.4
J1826–1256 J1825.9–1256 3EG J1826–1302 AXJ1826.1–1257 in G18.5–0.4 (26) 276.5356 –12.9429 18.6 –0.4
J1836+5925 J1836.2+5924 3EG J1835+5918 RX J1836.2+5925 (30) 279.0570 59.4250 88.9 25.0
J1907+06 J1907.5+0602 GeV J1907+0557 286.965 6.022 40.2 –0.9
J1958+2846 J1958.1+2848 3EG J1958+2909 Swift J195846.1+284602 299.6921 28.7674 65.9 –0.4
J2021+4026 J2021.5+4026 3EG J2020+4017 S21 in G78.2+2.1 (33) 305.3777 40.4462 78.2 2.1
J2032+4127 J2032.2+4122 3EG J2033+4118 MT91 221 in Cygnus OB2 (32) 308.0612 41.4610 80.2 1.0
J2238+59 — 339.561 59.080 106.5 0.5
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for classical and relativistic effects of the motion of
Earth.We accepted all highest-quality [“diffuse” class
(11)] photons fallingwithin a 0.8° radius of our source
location with energies greater than 300 MeV. For
each target, we searched a set of trial frequency de-
rivatives from zero to the spin-down of the young
Crab pulsar ( ḟ = –3.7 × 10–10 Hz s–1). For each trial,
we corrected the photon arrival times using the as-

sumed frequency derivative, calculated the time dif-
ferences, computed the FFTsampled with a Nyquist
frequency of 64 Hz, and searched the spectrum for
significant peaks.

We refined candidate signals by performing an
epoch-folding search over a narrow region of frequen-
cy and frequency-derivative space using PRESTO
(18). Using the parameters from the time-differencing

searchas an initial timingmodel,we split the data into
intervals (~2 to 4 weeks, depending on signal-to-
noise ratio), and measured pulse times of arrival
(TOAs) in each segment. These TOAs were fit to a
timingmodelwith theTempo2pulsar timingpackage
(19). We selected the reference epoch for all timing
models to be MJD (modified Julian date) 54754.0,
roughly in the middle of the observation interval.

Table 2. Rotational ephemerides for the new pulsars. For all timing solutions,
the reference epoch is MJD 54754. The given frequency and frequency derivative
arebarycentric.Numbers inparentheses indicate error in the last significant digit(s).
For LAT PSR J0357+32, marked with (†), the measured frequency derivative, and
thus the derived parameters, may be significantly affected by positional error (see

text). We also list the number of photons, ng, obtained with the cuts used in this
work (see text) over the 5-month observational period. The 1- to 100-GeV
photon number flux, F35, is given, as presented in the Fermi Bright Source List
(39), except for LAT PSR J2238+59, which was not in the Bright Source List but
whose flux was derived from the same data set and analysis approach.

LAT PSR ng F35
(10–8 cm–2 s–1)

f (Hz) ḟ
(–10–12 Hz s–1)

t (years) Ė
(1034 ergs s–1)

B
(1012 G)

J0007+7303 1509 6.14(27) 3.1658891845(5) 3.6133(3) 13,900 45.2 10.8
J0357+32 294 0.64(10) 2.251723430(1) 0.0610(9)† 585,000 0.5 2.3
J0633+0632 648 1.60(17) 3.3625440117(3) 0.8992(2) 59,300 11.9 4.9
J1418–6058 3160 5.42(38) 9.0440257591(8) 13.8687(5) 10,300 495.2 4.4
J1459–60 1089 1.26(19) 9.694596648(2) 2.401(1) 64,000 91.9 1.6
J1732–31 2843 3.89(33) 5.087952372(2) 0.677(1) 119,000 13.6 2.3
J1741–2054 889 1.31(17) 2.417211371(1) 0.0977(7) 392,000 0.9 2.7
J1809–2332 2606 5.63(31) 6.8125455291(4) 1.5975(3) 67,600 43.0 2.3
J1813–1246 1832 2.79(24) 20.802108713(5) 7.615(4) 43,300 625.7 0.9
J1826–1256 4102 5.76(37) 9.0726142968(4) 9.9996(3) 14,400 358.2 3.7
J1836+5925 2076 8.36(31) 5.7715516964(9) 0.0508(6) 1,800,000 1.2 0.5
J1907+06 2869 3.74(29) 9.378101746(2) 7.682(1) 19,400 284.4 3.1
J1958+2846 1355 1.29(18) 3.443663690(2) 2.493(1) 21,900 33.9 7.9
J2021+4026 4136 10.60(40) 3.769079109(1) 0.7780(7) 76,800 11.6 3.9
J2032+4127 2371 3.07(26) 6.9809351235(8) 0.9560(4) 115,800 26.3 1.7
J2238+59 811 0.96(11) 6.145017519(3) 3.722(2) 26,200 90.3 4.1

Fig. 1. Frequency ( f ) and fre-
quency derivative ( ḟ ) distribu-
tion of the new pulsars. The
dots represent the ~1800 pul-
sars in the ATNF catalog (20),
the triangles represent the new
pulsars reported here, and the
squares represent the six pre-
viously known EGRET gamma-
ray pulsars, including the Crab.
The stars represent the newpopu-
lation of gamma-ray millisecond
pulsars detected by the Fermi
LAT and reported in (10). The
shaded region shows the param-
eter space covered by our blind
search and includes ~86% of
the ATNF pulsars. The three sets
of lines illustrate the character-
istic age t = –f/2 ḟ, inferred
surface magnetic field strength
B ¼ 3:2�1019

ffiffiffiffiffiffiffiffiffiffi
−ḟ=f 3

p
G, and

spin-down power given by Ė ¼
4p2If ḟ ergs s−1, where I is the
neutron star moment of inertia
(I = 1045 g·cm2). This figure
shows that the blind-search
gamma-ray pulsars are drawn
from the portion of the general
population with the highest
spin-down luminosity.

–
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