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•    Pulsars  (in  a  nutshell)

•    The  Fermi  Large  Area  Telescope  (LAT)

•    Blind  searches  for  new  gamma-‐ray  pulsars
              -‐  Data  analysis  methods  
              -‐  Recent  discoveries  

•    Concluding  summary  
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Pulsars
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L. Guillemot, 2nd FAN Workshop, 02/08/11 4

Pulsars

Pulsars are rapidly rotating, highly 
magnetized neutron stars, born in 

supernova explosions of massive stars.

Typically, M ~ 1.4 Msun and R ~ 10 km

Dense plasma co-rotating with the star.  
Magnetosphere extending to the “light 

cylinder”, where Ω x RLC = c.

Emission (radio, optical, X-ray …) can be 
produced in beams around the pulsar, which 

acts like a cosmic light-house.

Pulsars:  fast  spinning,  highly  magneNzed  neutron  stars
  -‐  Born  in  supernova  explosions  of  massive  stars.
  -‐  Spin  periods:  a)  normal/young  pulsars  (~1s)
                                                        b)  millisecond  pulsars  (down  to  1.4ms)
  -‐  Observable  in  every  astronomical  window!

•    "ElectromagneDc  pulsars"
        

•    "GravitaDonal-‐wave  pulsars"  
        

Magnetosphere  extends  to  the  light  cylinder,
tradiNonally  approximated  by  dipole  field.

Lighthouse  effect:  Charged  parNcles  
accelerated  in  magneNc  field  produce  
beams  of  EM  radiaNon.  Misalignment  
of  magneNc  and  spin  axes  makes  beams  
sweep  around.
➜    PulsaNons  observable  in  
            radio,  opNcal,  X-‐rays,  gamma-‐rays

Spinning  neutron  stars  with  
a  deviaNon  from  symmetry,  
e.g.  a  (ny  mountain.  
➜    Emit  conDnuous  gravitaDonal  waves
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A  Radio-‐quiet  Gamma-‐ray  Pulsar
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Pulsar's  orientaNon  such  that:
•    radio  beam  does  not  cross  line  of  sight,
•    but  only  gamma-‐ray  emission  does.
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Gamma-‐ray  pulsars GravitaDonal-‐wave  pulsars

BUT:  
-‐  Same  parameter  space  to  search.
-‐  Similar  data  Nme  span  of  Fermi-‐LAT  and  LIGO/Virgo.
-‐  In  both  cases:  periodic  signals  that  are  extremely  weak.

Blind  searches  for  previously  unknown  pulsars
➜  No  prior  knowledge  of  exact  pulsar  parameters!

Cross-‐field  applicaDon  of  search  methodologies:
Apply  GW  data-‐analysis  "technology"  to  EM  data
-‐  Enhancing  search  sensiNvity  and  increase  detecNons
➜  Led  to  discovery  of  several  new  pulsars
➜  Significant  populaNon  increase;  beyond  "Np  of  iceberg"  
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Gamma-‐ray  Pulsars  before  Fermi
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CGRO  (1991-‐2000):  BATSE,  OSSE,  
COMPTEL,  EGRET

AGILE  (2007  -‐  )

CGRO:  7  detected  pulsars  (1  COMPTEL  and  6  EGRET),  where  1  radio-‐quiet  
AGILE:  2  detected  pulsars
➜      Before  Fermi  mission:    <  10  gamma-‐ray  pulsars  known!
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The  Fermi  Gamma-‐ray  Space  Telescope
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The Large Area Telescope (LAT) on the
Fermi Gamma-ray Space Telescope

Pair production telescope with silicon tracker, CsI 
calorimeter, and segmented anti-coincidence detector

20 MeV to >300 GeV

8000 cm2 area (at 1 GeV)

0.6–0.8 deg radius PSF (1 GeV)

Continuous sky survey mode of operation

Big improvement in area, FOV, and reduction in background 
compared to EGRET

Sky survey started August 4, 2008

(Atwood et al. 2009, ApJ, 697, 1071) Atwood  et  al.,  
ApJ,  2009

The  Large  Area  Telescope  (LAT)  aboard  Fermi:  
            -‐  Pair-‐conversion  telescope  with  silicon  tracker,
                  calorimeter,  and  segmented  anN-‐coincidence  detector.

            -‐  Energy  range:  20  MeV  to  >  300  GeV.    

            -‐  ConNnuous  sky  survey  mode  of  operaNon,
                  enNre  sky  captured  every  3  hrs.

            -‐  Big  improvements  in  area,  field  of  view,  direcNonal  
                  precision,  background  reducNon.

Fermi  launched  June  2008.
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Performance  of  the  LAT
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Post-‐processing  assigns  each  gamma-‐ray  
photon:  Arrival  Dme,  Energy  and  direcDon.

•    Timing  accuracy  beier  than  1μs.

•    Energies  accurate  to  beier  than  15%  
          between  0.1  and  10  GeV.

•    DirecNonal  precision:
          -‐  Point  spread  funcNon  (PSF)  energy  
                dependent,  larger  at  lower  energies.
          -‐  68%  of  photons  have  angular  offsets
                less  than                                                                          
                from  true  direcNon.    
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ABSTRACT
We report the discovery of nine previously unknown gamma-ray pulsars in a blind search of data from the
Fermi Large Area Telescope (LAT). The pulsars were found with a novel hierarchical search method originally
developed for detecting continuous gravitational waves from rapidly rotating neutron stars. Designed to find
isolated pulsars spinning at up to kHz frequencies, the new method is computationally efficient and incorpo-
rates several advances, including a metric-based gridding of the search parameter space (frequency, frequency
derivative, and sky location) and the use of photon probability weights. The nine pulsars have spin frequencies
between 3 and 12 Hz, and characteristic ages ranging from 17 kyr to 3 Myr. Two of them, PSRs J1803–2149
and J2111+4606, are young and energetic Galactic-plane pulsars (spin-down power above 6×1035 erg s−1 and
ages below 100 kyr). The seven remaining pulsars, PSRs J0106+4855, J0622+3749, J1620–4927, J1746–3239,
J2028+3332, J2030+4415, and J2139+4716, are older and less energetic; two of them are located at higher
Galactic latitudes (|b|> 10◦). PSR J0106+4855 has the largest characteristic age (3 Myr) and the smallest
surface magnetic field (2×1011G) of all LAT blind-search pulsars. PSR J2139+4716 has the lowest spin-
down power (3×1033 erg s−1) among all non-recycled gamma-ray pulsars ever found. Despite extensive multi-
frequency observations, only PSR J0106+4855 has detectable pulsations in the radio band. The other eight
pulsars belong to the increasing population of radio-quiet gamma-ray pulsars.
Subject headings: gamma rays: stars – pulsars: general – pulsars: individual (PSR J0106+4855,

PSR J0622+3749, PSR J1620–4927, PSR J1746–3239, PSR J1803–2149,
PSR J2028+3332, PSR J2030+4415, PSR J2111+4606, PSR J2139+4716)

1 Albert-Einstein-Institut, Max-Planck-Institut für Gravitationsphysik, D-
30167 Hannover, Germany

2 Institut für Gravitationsphysik, Leibniz Universität Hannover, D-30167
Hannover, Germany

3 email: holger.pletsch@aei.mpg.de
4 Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, D-53121

Bonn, Germany
5 email: guillemo@mpifr-bonn.mpg.de
6 Physics Department, University of Wisconsin – Milwaukee, Milwaukee,

WI 53211, USA
7 Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy,

The University of Manchester, Manchester, M13 9PL, UK
8 Space Science Division, Naval Research Laboratory, Washington, DC

20375-5352, USA
9 Santa Cruz Institute for Particle Physics, Department of Physics and De-

partment of Astronomy and Astrophysics, University of California at Santa
Cruz, Santa Cruz, CA 95064, USA

10 Dipartimento di Fisica Nucleare e Teorica, Università degli Studi di
Pavia, I-27100 Pavia, Italy

11 INAF-Istituto di Astrofisica Spaziale e Fisica Cosmica, I-20133 Milano,
Italy

12 Columbia Astrophysics Laboratory, Columbia University, New York,
NY 10027, USA

13 NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
14 Center for Research and Exploration in Space Science and Technology

(CRESST) and NASA Goddard Space Flight Center, Greenbelt, MD 20771,
USA

15 Department of Physics and Center for Space Sciences and Technology,
University of Maryland Baltimore County, Baltimore, MD 21250, USA

16 Astronomical Institute “Anton Pannekoek,” University of Amsterdam,
Postbus 94249, 1090 GE Amsterdam, Netherlands

17 Netherlands Institute for Radio Astronomy (ASTRON), Postbus 2, 7990
AA Dwingeloo, Netherlands

18 CSIRO Astronomy and Space Science, Australia Telescope National Fa-
cility, Epping NSW 1710, Australia

1. INTRODUCTION

The Fermi Gamma-ray Space Telescope has been operat-
ing since its launch in 2008 June. The Large Area Telescope
(LAT) on board the Fermi satellite has an effective area of
∼ 0.8 m2 (on-axis, above 1 GeV) and is sensitive to photons
with energies from 20 MeV to more than 300 GeV (Atwood
et al. 2009). Post-processing assigns an arrival time, energy E,
and direction to the photons; we call these “events”. The ar-
rival times are accurate to better than 1 µs, and the energies
are accurate to within 15% between 0.1 and 10 GeV on-axis.
The directional precision is energy dependent: 68% of pho-
tons have angular offset less than ∼ 0.◦8 ×(E/GeV)−0.8 from
the true direction (Abdo et al. 2009c).

Gamma-ray pulsars are among the most interesting sources
observed by the Fermi LAT. These are rapidly spinning neu-
tron stars whose regular beam of gamma-ray emissions passes
by the detector with each rotation. The Fermi LAT has de-
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PSF

on-‐axis

60°  off-‐axis

EffecDve  area  depends  on  energy,
about  0.8  m2  at  1  GeV  (on-‐axis).
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The  LAT  Gamma-‐ray  Sky
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Fermi-‐LAT  Second  Source  Catalog  (2FGL)  based  on  two  years:  1873  sources.
Among  these  576  unidenNfied,  not  associated  with  counterparts  at  other  wavelengths.
➜  Contain  unknown  gamma-‐ray  pulsars?
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Observing  Pulsars  with  Fermi
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DetecNng  pulsars  with  the  Fermi  LAT
Three  different  ways  to  discovery:

1)    Using  ephemeris  of  pulsars  known  from  radio  or  X-‐ray
            -‐  Assigning  phases  to  gamma-‐ray  photons  based  on  known  Nming  model
            -‐  All  6  EGRET  pulsars  detected  this  way

2)    Radio  pulsar  searches  at  posiDons  of  LAT  unidenDfied  sources
            -‐  Revealed  many  ms  pulsars,  also  in  binary  systems

3)    Blind  pulsar  searches  for  periodicity  directly  in  LAT  data
            -‐  No  prior  knowledge  of  exact  pulsar  parameters
            -‐  Fermi:  first  instrument  to  enable  successful  blind  searches
                                          ⇒  New  window  on  GalacNc  neutron  star  populaNon
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SelecDng  Promising  Catalog  Sources
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    SelecDng  "pulsar-‐like"  2FGL-‐catalog  sources:  
      -‐  Curvature  significance  ≥  4σ,
      -‐  Variability  index  <  41.6,  

Pulsar  spectrum

AGN  spectrum

Pulsar

Blazar

Variability  
with  Dme

Spectral  
properDes

Pulsar-‐like  sources  

from  2FGL
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•      In  one  year:    -‐  LAT  detects  ~1000  photons  from  a  typical  pulsar
                                                            -‐  pulsar  rotates  at  least  108  Nmes  around  its  axis

•    For  isolated  systems:  
          Need  to  find  rotaDonal  phase  model  
          with  frequency          and  spin-‐down  rate      ,  
          plus  a  sky  posiDon  to  match  SSB  arrival  Nmes        of  the  photons.

•    Signal  hypothesis:  Arrival  Nmes  "cluster"  near  specific  "orientaNons",
          i.e.                                                      deviates  from  uniformity  on  interval                          .  

•    Null  hypothesis:  photon  arrival  Nmes  are  a  random  process.

The  Blind-‐Search  Problem

12

GAMMAY-RAY PULSARS VIA NEW SEARCH METHOD 3

selected source, we construct a spectral model for the region
by including all sources of the 2FGL catalog found within 8◦

of the selected source, using the spectral forms given in the
catalog. The spectra of the selected sources are modeled as
exponentially cutoff power laws, typical of known gamma-ray
pulsars, of the form N0

�
E/GeV

�−Γ exp
�
−E/Ec

�
, where N0 is

a normalization factor, Γ is the photon index and Ec is the cut-
off energy. The Galactic and extragalactic diffuse emission
and residual instrument background also enter the calculation
of the weights. The Galactic diffuse emission is modeled us-
ing the gll_iem_v02_P6_V11_DIFFUSE map cube, while the
extragalactic diffuse and residual instrument backgrounds are
modeled using the isotropic_iem_v02_P6_V11_DIFFUSE
template (a detailed description of these background models
can be found in Section 3 of Abdo et al. (2010a)). These
models are available for download at the Fermi Science Sup-
port Center26. The tool gtsrcprob is then used to calculate
the event weights wj based on the best-fit spectral models ob-
tained from the maximum likelihood analyses.

3. THE NEW SEARCH METHOD

In a year, the LAT detects of order 103 photons from a typ-
ical gamma-ray pulsar; in the same year, a typical pulsar ro-
tates at least 108 times around its axis. The blind-search prob-
lem is to find a rotational-phase model Φ(t) = 2π( f t + ḟ t2/2)
and a sky position that match the solar system barycen-
ter (SSB) arrival times t of the different photons, where Φ
denotes the rotation angle of the star about its axis, in ra-
dians, measured from its starting position at t = 0, and ob-
served at the SSB. The signal hypothesis is that the photons’
arrival times are “clustered” near specific “orientations” of the
star (i.e., Φ(t) mod 2π deviates from uniformity on the inter-
val [0,2π]). The null hypothesis is that the arrival times of
the photons are a random Poisson process. In this paper we
do not explicitly indicate the dependence of Φ on f , ḟ , and
sky position, but this dependence is important and implicit in
many formulae below.

To find a matching phase model, a grid of “templates” in the
four-dimensional parameter space of sky position and ( f , ḟ )
is constructed. Note that the 2FGL catalog sky positions of
the targeted unassociated sources based on the spatial distri-
bution of events are typically not precise enough for pulsar
searches. A search grid of sky points around this catalog po-
sition is needed to reduce signal loss arising from imperfect
correction of the Doppler shifts caused by the Earth’s orbital
motion around the SSB. The need for sky gridding is partic-
ularly acute for MSP spin frequencies. Therefore, in contrast
to previously published blind searches27, we grid a circular
sky region centered on the 2FGL catalog source location us-
ing a radius which is 20% larger than the semi-major axis
of the 95% confidence elliptical error region (given by the
“Conf_95_SemiMajor” parameter).

Unfortunately the number of templates (grid points) re-
quired to discretely cover the entire four-dimensional search
parameter space increases as a high power of the coherent in-
tegration time. Hence a fully coherent approach for several
years of data is computationally impossible. Therefore, we

26 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
27 Ziegler et al. (2008) argue correctly that for two-week data stretches, sky

gridding is not essential. However for data stretches of length comparable to
a year or longer, sky gridding is necessary to avoid significant loss in signal-
to-noise ratio.

employ a search strategy which is designed to achieve maxi-
mum overall sensitivity at fixed computing cost28.

To efficiently scan through years of Fermi-LAT data for
previously unknown gamma-ray pulsars, we use a so-called
hierarchical search approach. This is analogous to hierarchi-
cal methods used in searches for gravitational-wave pulsars
(Schutz & Papa 2000; Papa et al. 2000; Brady & Creighton
2000; Abbott et al. 2009a,b; Cutler et al. 2005). In a first
semi-coherent stage, we here adopt the optimal metric-based
gridding methods described in Pletsch & Allen (2009) along
with the sliding coherence window technique (Pletsch 2011).
In a second stage, significant semi-coherent candidates are au-
tomatically followed up in a fully coherent analysis. Finally, a
third stage further refines coherent pulsar candidates by using
higher harmonics. Full details of the complete search scheme
will be presented in forthcoming work (Pletsch & Guillemot
2011).

Here we first describe the principle of the method, to firmly
establish the analogy with the existing gravitational-wave lit-
erature. Then we describe what is done in practice, which is
mathematically equivalent (up to justifiable approximations)
but computationally more efficient.

In the first stage, a semi-coherent detection statistic S is
computed for each template. We refer to S as “semi-coherent”
because it is effectively the incoherent sum over several years,
of terms which are coherent over several days. The coher-
ent terms are the power in Fourier bins, calculated by treating
each photon arrival as a delta function in time.

Denoting the arrival time of the jth event (photon) at the
SSB by t j, the coherent power Pτ in a (Gaussian) window
centered at time τ is defined by

Pτ =
����

N�

j=1

wj e−iΦ(t j)e−2π(t j−τ )2/T 2
����
2

. (1)

The sum is taken over all photons (here, N = 8000) in the data
set; the effective window duration is

�
e−2πτ 2/T 2

dτ = T/
√

2.
As described in Section 2, the weights wj estimate the proba-
bility that the photon comes from the selected source.

To form the semi-coherent detection statistic S, the values
of Pτ are summed (“incoherently combined”)

S =
2
T

�
dτ Pτ −

N�

j=1

w2
j . (2)

Note that in this definition we have subtracted a constant
(phase model independent) term. Because it contains a Gaus-
sian window, the integrand in Equation (2) falls off expo-
nentially at early and late time (large values of |τ |). Thus
the limits of integration can be taken as the entire real line
τ ∈ (−∞,∞); to good approximation this gives the same value
as integrating only over the total observation interval (about
975 days in this search).

The semi-coherent detection statistic S is an incoherent sum
of powers, which discards the phase information over time pe-
riods longer than of order T . This uniform overlap maximizes
the search sensitivity for fixed T and for fixed computational
resources (Pletsch 2011). For computational efficiency, in this
search we choose the N = 8000 photons with the highest prob-
abilities (largest values of wj).

28 If this constraint is removed, then it is obvious that a more sensitive
method exists.
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the photons are a random Poisson process. In this paper we
do not explicitly indicate the dependence of Φ on f , ḟ , and
sky position, but this dependence is important and implicit in
many formulae below.

To find a matching phase model, a grid of “templates” in the
four-dimensional parameter space of sky position and ( f , ḟ )
is constructed. Note that the 2FGL catalog sky positions of
the targeted unassociated sources based on the spatial distri-
bution of events are typically not precise enough for pulsar
searches. A search grid of sky points around this catalog po-
sition is needed to reduce signal loss arising from imperfect
correction of the Doppler shifts caused by the Earth’s orbital
motion around the SSB. The need for sky gridding is partic-
ularly acute for MSP spin frequencies. Therefore, in contrast
to previously published blind searches27, we grid a circular
sky region centered on the 2FGL catalog source location us-
ing a radius which is 20% larger than the semi-major axis
of the 95% confidence elliptical error region (given by the
“Conf_95_SemiMajor” parameter).

Unfortunately the number of templates (grid points) re-
quired to discretely cover the entire four-dimensional search
parameter space increases as a high power of the coherent in-
tegration time. Hence a fully coherent approach for several
years of data is computationally impossible. Therefore, we
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employ a search strategy which is designed to achieve maxi-
mum overall sensitivity at fixed computing cost28.

To efficiently scan through years of Fermi-LAT data for
previously unknown gamma-ray pulsars, we use a so-called
hierarchical search approach. This is analogous to hierarchi-
cal methods used in searches for gravitational-wave pulsars
(Schutz & Papa 2000; Papa et al. 2000; Brady & Creighton
2000; Abbott et al. 2009a,b; Cutler et al. 2005). In a first
semi-coherent stage, we here adopt the optimal metric-based
gridding methods described in Pletsch & Allen (2009) along
with the sliding coherence window technique (Pletsch 2011).
In a second stage, significant semi-coherent candidates are au-
tomatically followed up in a fully coherent analysis. Finally, a
third stage further refines coherent pulsar candidates by using
higher harmonics. Full details of the complete search scheme
will be presented in forthcoming work (Pletsch & Guillemot
2011).

Here we first describe the principle of the method, to firmly
establish the analogy with the existing gravitational-wave lit-
erature. Then we describe what is done in practice, which is
mathematically equivalent (up to justifiable approximations)
but computationally more efficient.

In the first stage, a semi-coherent detection statistic S is
computed for each template. We refer to S as “semi-coherent”
because it is effectively the incoherent sum over several years,
of terms which are coherent over several days. The coher-
ent terms are the power in Fourier bins, calculated by treating
each photon arrival as a delta function in time.

Denoting the arrival time of the jth event (photon) at the
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abilities (largest values of wj).

28 If this constraint is removed, then it is obvious that a more sensitive
method exists.

GAMMAY-RAY PULSARS VIA NEW SEARCH METHOD 3

selected source, we construct a spectral model for the region
by including all sources of the 2FGL catalog found within 8◦

of the selected source, using the spectral forms given in the
catalog. The spectra of the selected sources are modeled as
exponentially cutoff power laws, typical of known gamma-ray
pulsars, of the form N0

�
E/GeV

�−Γ exp
�
−E/Ec

�
, where N0 is

a normalization factor, Γ is the photon index and Ec is the cut-
off energy. The Galactic and extragalactic diffuse emission
and residual instrument background also enter the calculation
of the weights. The Galactic diffuse emission is modeled us-
ing the gll_iem_v02_P6_V11_DIFFUSE map cube, while the
extragalactic diffuse and residual instrument backgrounds are
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models are available for download at the Fermi Science Sup-
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arrival times are “clustered” near specific “orientations” of the
star (i.e., Φ(t) mod 2π deviates from uniformity on the inter-
val [0,2π]). The null hypothesis is that the arrival times of
the photons are a random Poisson process. In this paper we
do not explicitly indicate the dependence of Φ on f , ḟ , and
sky position, but this dependence is important and implicit in
many formulae below.

To find a matching phase model, a grid of “templates” in the
four-dimensional parameter space of sky position and ( f , ḟ )
is constructed. Note that the 2FGL catalog sky positions of
the targeted unassociated sources based on the spatial distri-
bution of events are typically not precise enough for pulsar
searches. A search grid of sky points around this catalog po-
sition is needed to reduce signal loss arising from imperfect
correction of the Doppler shifts caused by the Earth’s orbital
motion around the SSB. The need for sky gridding is partic-
ularly acute for MSP spin frequencies. Therefore, in contrast
to previously published blind searches27, we grid a circular
sky region centered on the 2FGL catalog source location us-
ing a radius which is 20% larger than the semi-major axis
of the 95% confidence elliptical error region (given by the
“Conf_95_SemiMajor” parameter).
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quired to discretely cover the entire four-dimensional search
parameter space increases as a high power of the coherent in-
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dians, measured from its starting position at t = 0, and ob-
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arrival times are “clustered” near specific “orientations” of the
star (i.e., Φ(t) mod 2π deviates from uniformity on the inter-
val [0,2π]). The null hypothesis is that the arrival times of
the photons are a random Poisson process. In this paper we
do not explicitly indicate the dependence of Φ on f , ḟ , and
sky position, but this dependence is important and implicit in
many formulae below.

To find a matching phase model, a grid of “templates” in the
four-dimensional parameter space of sky position and ( f , ḟ )
is constructed. Note that the 2FGL catalog sky positions of
the targeted unassociated sources based on the spatial distri-
bution of events are typically not precise enough for pulsar
searches. A search grid of sky points around this catalog po-
sition is needed to reduce signal loss arising from imperfect
correction of the Doppler shifts caused by the Earth’s orbital
motion around the SSB. The need for sky gridding is partic-
ularly acute for MSP spin frequencies. Therefore, in contrast
to previously published blind searches27, we grid a circular
sky region centered on the 2FGL catalog source location us-
ing a radius which is 20% larger than the semi-major axis
of the 95% confidence elliptical error region (given by the
“Conf_95_SemiMajor” parameter).
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In a second stage, significant semi-coherent candidates are au-
tomatically followed up in a fully coherent analysis. Finally, a
third stage further refines coherent pulsar candidates by using
higher harmonics. Full details of the complete search scheme
will be presented in forthcoming work (Pletsch & Guillemot
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Here we first describe the principle of the method, to firmly
establish the analogy with the existing gravitational-wave lit-
erature. Then we describe what is done in practice, which is
mathematically equivalent (up to justifiable approximations)
but computationally more efficient.

In the first stage, a semi-coherent detection statistic S is
computed for each template. We refer to S as “semi-coherent”
because it is effectively the incoherent sum over several years,
of terms which are coherent over several days. The coher-
ent terms are the power in Fourier bins, calculated by treating
each photon arrival as a delta function in time.

Denoting the arrival time of the jth event (photon) at the
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(phase model independent) term. Because it contains a Gaus-
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nentially at early and late time (large values of |τ |). Thus
the limits of integration can be taken as the entire real line
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To find a matching phase model, a grid of “templates” in the
four-dimensional parameter space of sky position and ( f , ḟ )
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the targeted unassociated sources based on the spatial distri-
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sition is needed to reduce signal loss arising from imperfect
correction of the Doppler shifts caused by the Earth’s orbital
motion around the SSB. The need for sky gridding is partic-
ularly acute for MSP spin frequencies. Therefore, in contrast
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and a sky position that match the solar system barycen-
ter (SSB) arrival times t of the different photons, where Φ
denotes the rotation angle of the star about its axis, in ra-
dians, measured from its starting position at t = 0, and ob-
served at the SSB. The signal hypothesis is that the photons’
arrival times are “clustered” near specific “orientations” of the
star (i.e., Φ(t) mod 2π deviates from uniformity on the inter-
val [0,2π]). The null hypothesis is that the arrival times of
the photons are a random Poisson process. In this paper we
do not explicitly indicate the dependence of Φ on f , ḟ , and
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establish the analogy with the existing gravitational-wave lit-
erature. Then we describe what is done in practice, which is
mathematically equivalent (up to justifiable approximations)
but computationally more efficient.

In the first stage, a semi-coherent detection statistic S is
computed for each template. We refer to S as “semi-coherent”
because it is effectively the incoherent sum over several years,
of terms which are coherent over several days. The coher-
ent terms are the power in Fourier bins, calculated by treating
each photon arrival as a delta function in time.

Denoting the arrival time of the jth event (photon) at the
SSB by t j, the coherent power Pτ in a (Gaussian) window
centered at time τ is defined by

Pτ =
����

N�

j=1

wj e−iΦ(t j)e−2π(t j−τ )2/T 2
����
2

. (1)

The sum is taken over all photons (here, N = 8000) in the data
set; the effective window duration is

�
e−2πτ 2/T 2

dτ = T/
√

2.
As described in Section 2, the weights wj estimate the proba-
bility that the photon comes from the selected source.

To form the semi-coherent detection statistic S, the values
of Pτ are summed (“incoherently combined”)

S =
2
T

�
dτ Pτ −

N�

j=1

w2
j . (2)

Note that in this definition we have subtracted a constant
(phase model independent) term. Because it contains a Gaus-
sian window, the integrand in Equation (2) falls off expo-
nentially at early and late time (large values of |τ |). Thus
the limits of integration can be taken as the entire real line
τ ∈ (−∞,∞); to good approximation this gives the same value
as integrating only over the total observation interval (about
975 days in this search).

The semi-coherent detection statistic S is an incoherent sum
of powers, which discards the phase information over time pe-
riods longer than of order T . This uniform overlap maximizes
the search sensitivity for fixed T and for fixed computational
resources (Pletsch 2011). For computational efficiency, in this
search we choose the N = 8000 photons with the highest prob-
abilities (largest values of wj).

28 If this constraint is removed, then it is obvious that a more sensitive
method exists.
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•      Ideal  world:      Infinite  compuNng  power    
                                                              ➜  Do  fully  coherent  analysis  on  a  dense  4D  template  grid

•      Reality:                      Finite  compuNng  resources  severely  limit  sensiNvity
                                                              ➜  Fully  coherent  approach  impossible  for  blind  search

•      Problem  analog  to  blind  searches  for  GW  pulsars

            ➜  Use  concepts  from  GW  astronomy:
                        -‐  Hierarchical  &  semi-‐coherent  strategies  (to  enhance  efficiency)
                                              Schutz  &  Papa  (2000);  Papa  et  al.  (2000);  Brady  &  Creighton,  PRD  (2000);  
                                              Krishnan  et  al.,  PRD  (2005);  Cutler  et  al.,  PRD  (2005);  HJP  &  Allen,  PRL  (2009);  
                                              HJP,  PRD  (2011);  Cutler,  PRD  (2011)
                                    

                        -‐  Parameter-‐space  metric  (to  construct  opNmal  grid)
                                              Balasubramanian  et  al.,  PRD  (1995),  Owen,  PRD  (1996),  Brady  et  al.,  PRD  (1998),
                                              Prix,  PRD  (2007),  HJP  &  Allen,  PRL  (2009),  HJP,  PRD  (2010)

              ➜  Goal:  Maximize  sensiDvity  at  fixed  compuDng  cost
                                                                                Some  recent  studies:  Cutler  et  al.,  PRD  (2005),  Prix  &  Shaltev,  PRD  (2012)
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Simplified  Example                                                                                    
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1)  CompuDng  cost  scalings
        (from  number  of  required  grid  points  to  scan  for  solitary  pulsars)

At  same  compuNng  cost:

2)  SensiDvity  scalings
          Approximate  minimum  detectable  pulsed  flux:

At  fixed  compuNng  cost  and  for  large  search  
parameter  spaces,  the  semicoherent  approach
is  in  most  cases  much  more  efficient!
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Divides  data  into                  segments  &  sums  coherent  Fourier  powers  from  
each  segment  (incoherent=phase  informaNon  lost  between  segments)
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Hierarchical  search  strategy      
      -‐  First  stage:  Use  most  efficient  method  to  explore  wide  parameter  space
      -‐  Last  stage:  Use  most  sensiNve  method  to  search  small  parameter  space  (around  candidates)

-‐  Fully  coherent  search:

-‐  Semicoherent  search:
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3-‐Staged  Search  Scheme

Hierarchical  gamma-‐ray  pulsar  blind  search  using  3  stages:    
Goal:  Discard  unpromising  regions  in  parameter  space  as  early  as  possible.
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1.  Semi-‐coherent  stage:  
  -‐    Sliding  coherence  window,
          summing  coherent  Fourier  power;  
  -‐    Coarse  graining:  Less  sensiNve,  but  most  efficient  to  scan  en9re  search  space
  -‐    Uses  heterodyning  to  process  f    range  in  bands  and  the  FFT  is  used.

2.  Coherent  follow-‐up:
          -‐    For  every  semi-‐coherent  candidate  compute  fully  coherent  Fourier  power  
                over  enNre  data  set,  on  significantly  refined  grid.

3.  Including  higher  signal  harmonics  (H-‐test):
        -‐    Typically  pulse  profile  non-‐sinusoidal,  also  Fourier  power  at  harmonics.
        -‐    For  every  coherent  candidate  sum  power  (over  enNre  data)  from  
                harmonically  related    frequencies,  using  a  further  refined  grid.  
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de  Jager  et  al.  1989

HJP  et  al.  ApJ  &  ApJL    2012

extending  Atwood  et  al.,  ApJL  2006;  HJP,  PRD  2011

...

Total  data  set  (several  years)

6-‐day  window



H  J  Pletsch VESF  School,  17  Apr  2013

Concept  2:  Metric

17

  AnalyDc  metric  allows  to  construct  opDmized  grid  at  given  M
          -‐    Metric  for  semicoherent  search  obtained  from  "averaging  coherent
                  metrics"  [Brady  &  Creighton,  PRD,  2000],  first  fully  analyNc  soluNon  
                  in  HJP  &  Allen,  PRL,  2009;  incl.  spindown  refinement  factor.

          -‐    Sky-‐grid  separaNons  relate  to  equal  Doppler  shi{s  from  
                  Earth's  (more  precisely  Fermi's)  moNon  around  the  Sun.

LAT's  r95%

R.A.
D
ec
l.

  Sky  gridding  necessary,  not  done  previously!
Sky  points  increase  with  f2

Parameter  offset
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s

Metric  
approximaNon

Brady  et  al.  PRD  1998

Key  quanNty:  FracNonal  loss  in  expected  detecNon  staNsNc  for  a  
given  signal  at p = (f,  ḟ,  α,  δ)  and  a  nearby  grid  point  p‘  defines  
the  mismatch                                                                                  where  Δp  =  p  -‐  p‘  .

                Taylor-‐expanding  mismatch  in  offsets    Δp    to  
                quadraNc  order  gives  the  metric:
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M = 1 − P(∆p)
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Problem:  How  dense  should  search  grid  points  be  placed?
                                            -‐  Too  wide    ⇒    miss  signals

                                            -‐  Too  close    ⇒    inefficient,  nearby  signals  are  correlated

Goal:  Want  analyNc  control  of  fracNonal  loss  due  to  gridding!

SoluNon:  Define  metric  on  search  parameter  space.
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SEARCH STRATEGY FOR UNKNOWN GAMMA-RAY PULSARS IN KNOWN BINARIES:
I. COMPACT CIRCULAR ORBITS

H. J. PLETSCH1,2,3 ,...
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ABSTRACT
....
Subject headings: gamma rays: stars – pulsars: general

1. INTRODUCTION
In the last three years, the Large Area Telescope (LAT;

Atwood et al. 2009) aboard the Fermi satellite has proven a
revolutionary detector of gamma-ray pulsars, increasing their
known population by more than an order of magnitude to
above 100. These objects are rapidly rotating, highly mag-
netized neutron stars, whose rotation carries the gamma-ray
emitting regions past an observer’s line of sight, creating
periodic pulsations. Operating primarily in continuous sky
survey mode, the LAT is sensitive to photons with energies
from 20 MeV to > 300 GeV.

Define: T , Pb

Main points:
- efficient grid construction for semicoherent search
- grid point counting formulae, scalings
- numerical validation - further directions: ecc, etc.

1 Max-Planck-Institut für Gravitationsphysik (Albert-Einstein-Institut),
30167 Hannover, Germany

2 Leibniz Universität Hannover, 30167 Hannover, Germany
3 email: holger.pletsch@aei.mpg.de
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segNseg

Ccoh ∝ T 3
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Tseg N1/4
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θcoh ∝
1√
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θsemicoh

θcoh
= N−1/12 � 1 ⇒ θsemicoh � θcoh

α� =
1
κ

N�

j=1

wj e−2πi � Φ(t j) (1)

M = 1 − P(∆p)
P(0)

(2)
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Blind  Pulsar  Searches  with  Fermi
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year  1

year  2 year  3 year  4

Blind-‐search  pulsar  
discoveries  during  
the  Fermi  mission

Improved  search  methods
(3-‐staged  hierarchical  &  
metric-‐based  approach):

Previous  search  efforts  successful  during  
early  mission,  but  NO  new  discoveries  since  2nd  mission  year.

+

Recent  Discoveries  with  new  methods:

-‐  About  10  new  isolated  gamma-‐ray      
      pulsars  previously  hidden
                    ⇒  30%  populaNon  increase!

-‐  Found  the  first  millisecond  pulsar  in  
      a  blind  search  of  gamma-‐ray  data
                  ⇒  Pulsar  is  in  a  compact  binary;  

                              required  extension  to  include  
                              searching  over  orbital  parameters

Easy

Hard

[Abdo  et  al.,  Science,  2009;  Saz  Parkinson  et  al.  ApJ,    2010]

HJP  et  al.,  ApJ  &  ApJL  ,  2012;
HJP  et  al.,  Science,  2012
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Recent  Pulsar  Discoveries

19

  ⇒  Resolve  mysteries  behind  brightest  formerly  unidenNfied  gamma-‐ray  sources
          (some  of  which  have  been  known  since  decades  but  their  nature  remained  enigmaNc).
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Recent  Pulsar  Discoveries  (2)

20

Pulse  profiles  

Pulse  shapes:  

-‐  Wide  beams
            ➜  Enable  more  unbiased  survey
                        of  GalacNc  supernovae

-‐  Mostly  2  peaks
            ➜  Actual  spin  frequency  tricky  to
                      idenNfy  when  two  peaks
                      nearly  half  rotaNon  apart.
            ➜  Tests  with  resulNng  two  peaks:
                  -‐  Have  phase  separaNon  measurably
                        from  0.5?
                  -‐  Integrated  counts  under  each  
                        peak  differ?
                  -‐  Have  different  energy  evoluNon?Each  plot  shows  two  pulsar  rotaNons  for  clarity.

HJP  et  al.,  ApJ,  2012
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Comparison  to  Known  PopulaDon
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Largest  age  and  smallest  
surface  magneDc  field  
among  all  blind-‐search  
gamma-‐ray  pulsars!

Frequency (Hz)

Lowest  spin-‐down  power  
among  all  gamma-‐ray  
pulsars!O

O

2nd  youngest,  largest  
glitch  among  all  
gamma-‐ray  pulsars!

O
(Age)

(Energy-loss rate)

(M
agn

eti
c fi

eld
 str

ength
)
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MulD-‐Messenger  Follow-‐Ups

22

•    Targeted  deep  radio  observaDons:
          -‐  Including  GBT,  Effelsberg,  Jodrell,  Parkes.
          -‐  Successful  for  one  pulsar:
                  ⇒  Radio  pulsaNons  detected  with  GBT.

          -‐  Others  are  radio-‐quiet.

•  Targeted  GW  observaDons:
          -‐  This  same  radio-‐loud  gamma-‐ray  pulsar  
                has  been  added  to  the  list  of  targeted  GW  
                search  objects  with  LIGO/Virgo.

PSR  J0106+4855

Gamma-‐ray

Radio

GravitaDonal  Waves?
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A  Special  Case:  PSR  J1838-‐0537

23

O

Discovery  plot

Young  pulsars  typically  show  irregulariDes  in  their
spin-‐frequency  evoluDon  of  2  kinds:
      

      1)  Timing  noise:  
                Slowly  varying,  non-‐determinisNc  fluctuaNons
      2)  Glitch:  
                Abrupt  change  in  frequency  -‐>  loss  of  signal  phase  coherence!

Frequency (Hz)

Sept  2009
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A  Massive  Glitch

24

Offset  in  spin  frequency  f

Pulsar  glitch  analysis:

•    Slide  a  90-‐day  window  over  the  enDre  ~3  years  of  data  and  analyze  coherent
        power  (incl.  harmonics)  for  photons  in  each  window.
            ➜    Significant  glitch  (abrupt  change  in  frequency)  becomes  apparent!
            ➜    Largest  seen  so  far  in  any  gamma-‐ray-‐only  pulsar,  among  top  5%  of  all  pulsars.

2009  -‐-‐-‐

2010  -‐-‐-‐

2011  -‐-‐-‐

Offset  in  df/dt Offset  in  d2f/dt2
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Puzzle  Solved

25

Pulse  profile

Including  the  
parameter  
changes  due  to  
the  glitch:

Signal-‐to-‐noise  over  Nme

Exposure  over  Nme

(Weighted)  photon  flux  over  Nme

Signal-‐to-‐noise  variaDon  with  Dme
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•    Millisecond  pulsars  (MSPs):  
              -‐  Old  neutron  stars,  spun  up  by  accreNng
                    maier  from  companion  star.
              -‐  Reach  high  rotaNon  rates  of  several
                    hundreds  of  Hertz  (fastest:  716Hz).
              -‐  30  years  ago:  First  MSP  detected  in  
                    radio  observaNons.

•    UnNl  recently:    ALL  such  MSPs  
          discovered  only  by  spin-‐modulated
          radio  emission.
            -‐  Fermi  LAT  confirmed  that  many  
                    radio-‐detected  MSPs  also  pulsate  in  
                    gamma-‐rays:
                      →  Gamma-‐ray  pulsaNons  revealed  only  by  rotaNon  
                                  parameters  obtained  from  radio  telescopes.

          -‐  No  MSP  previously  found  in  blind  search  of  gamma-‐ray  data.

26

Gamma-‐ray  Millisecond  Pulsars

Backer  et  al.,  Nature  1982

Smith  et  al.,  A&A  2008;  Abdo  et  al.,  Science  2009

MSPs

Young  &  normal
pulsars

Frequency (Hz)



H  J  Pletsch VESF  School,  17  Apr  2013 27

First  MSP  Discovery  in  Blind  Search

©  NASA  (Pulsar),  NASA/ESA,  M.J.  Jee  and  H.  Ford  (Johns  Hopkins  University)  
(Hubble  Field),  AEI/Milde  MarkeNng  Science  CommunicaNon

•    Blind  searches  for  MSPs  vastly  more  difficult  than  for  slower  pulsars
                -‐  Must  scan  up  to  higher  spin  frequencies  [to  and  beyond  716Hz]
                -‐  Plus,  most  MSPs  are  in  binaries:
                                        →  AddiNonally  unknown  orbital  parameters
                                        →  Increases  computaNonal  complexity  by  orders  of  magnitude
                -‐  Blind  binary-‐MSP  searches  were  hitherto  virtually  unfeasible

•    First  MSP  discovered  in  blind  search
                -‐  CompuNng-‐intensive  blind  search  in  Fermi-‐LAT  data  
                      using  advanced  methods  and  with  parNal  constraints  
                      from  opNcal  data          ⇒  Discovery  of  PSR  J1311-‐3430

                -‐  First  MSP  found  via  gamma-‐ray  pulsaNons!

                -‐  Extremely  compact  binary:  
                        Shortest  orbital  period  of  all  pulsar  binaries!

                -‐  Clarifies  nature  of  decade-‐long  enigma!
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Target  Source:  2FGL  J1311.7-‐3429
                                                            (formerly  unidenDfied)

•    First  seen  by  EGRET.
•    Most  significant  (43σ)      
          unidenNfied  LAT  source
          in  2FGL.
•    Good  pulsar  candidate:
              -‐  low  flux  variability
              -‐  very  curved  spectrum  

•    Crucial:  In  search  for  opDcal  counterparts,  
          Romani  (2012,  ApJL)  idenNfied  quasi-‐sinusoidal
          opNcal  flux  modulaNon.
          →  Conjecture:  "black  widow"  pulsar  binary
                                          -‐  MSP  irradiates  companion  star
                                          -‐  HeaNng  one  side  of  companion,  
                                                explains  opNcal  brightness  variaNon

opNcal  93-‐minute  modulaNon

(Romani  ApJL,2012;  Kataoka  et  al.  ApJ,2012)
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The  Search  Space

Pulsar  irradiaNng  companion

©
  A
EI

•    "Black  widow"  pulsar  interpretaDon:
          -‐  OpNcal  variaNon  associated  with  
                period  of  circular  orbit.
          -‐  Confines  sky  posiNon.
      → These  constraints  made  
                          blind  binary-‐MSP  search  feasible.  
                          BUT:  sNll  enormous  computaNonal  
                              challenge,  because  uncertainNes  on  orbital  parameters  
                              by  far  larger  than  required  for  pulsar  detecNon  (and  f,  f  unknown)

      → Pulsar  search  parameter  space  les  5-‐dimensional:
                          1.  Spin  frequency:                                          0  <  f  <  1400  Hz
                          2.  Its  rate  of  change:                                  -‐5x10-‐13  Hz/s  <  f  <  0  
                          3.  Orbital  period:                                              Porb  =  5626.0  ±  0.1  s
                          4.  Time  of  ascending:                              Tasc  =  56009.131  ±  0.012  MJD
                          5.  Projected  semi-‐major  axis:    0  <  x  <  0.1  lt-‐s      

.

.
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StochasDc  Metric-‐based  Search  Grids

Concept  #3  -‐-‐  inspired  from  GW  searches:  StochasDc  grid  construcDon

Problem:      Metric  orbital  components  (in  Porb,  Tasc,  x)  explicitly  
                                        depend  on  parameters  (unlike  in  f  and  f  )
                                                → To  achieve  constant  mismatch  the  required  grid-‐point  density  
                                                                            changes  across  orbital  parameter  space.
                                                                → Simple  la�ce  would  either  vastly  over-‐  or  undercover.

SoluNon:      New  grid  construcNon  algorithm  to  uNlize  metric
                                                          -‐  First  place  orbital  grid  points  at  random.  
                                                                                (fast  MC  integraNon  using  metric  provides  total  number  of  grid  points  
                                                                                  required  to  achieve  predefined  mismatch)

                                                          -‐  Then  move  those  that  are  too  close  or  too  far  apart  
                                                                  by  barycentric  shiss  towards  opNmal  coverage.
                                                          -‐  In  this  search:  Designed  to  never  lose  >  30%  in  S/N  
                                                                  for  any  given  signal.

.

Messenger  et  al.,  PRD  2009;  Harry  et  al.,  PRD,  2009;  Fehrmann  &  HJP,  in  prep  
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The  PSR  J1311-‐3430  System

Following  the  discovery:  
        → pulsar  Nming  to  precisely  measure
                    the  system  parameters  (            )
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An  Extreme  Pulsar  Binary

•    The  likely  most  compact  
          pulsar  binary  known:
          - SeparaDon  only  ~0.75  RSun
                → System  easily  fits  into  Sun

©
  S
D
O
/A
IA
  (S
un

),  
A
EI

RotaDonal  ephemeris  also  constrains  
companion  mass:    mc  >  0.0083  MSun  (~8  MJupiter)
                                                                                          [for  mp  =  1.35  MSun,  i=90°]

  -‐    Companion  Roche  lobe  radius:    ~0.63  RJupiter
  -‐    Mean  density:  ~45  g  cm-‐3    
                    → 30  Nmes  higher  than  Jupiter    

Radio  follow-‐up  observaDons:
-‐  In  several  aiempts,  only  one  weak,  intermiient  radio  
      detecNon    →  Radio  eclipsing/absorpNon  by  companion/wind.
-‐  Would  not  have  been  found  in  typical  radio  search.

Ray  et  al.,  ApJL  2013

Pulsar  mass

Romani  et  al.,  ApJL  2012
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Further  opDcal  observaDon  results:
-‐  Radial  velocity  
      measurements  
      of  companion.
-‐  Neutron  star  
      likely  to  have  
      very  large  mass!
      → EOS

2Msun
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CompuDng  Resources

33

ATLAS  cluster  at  AEI  Hannover
-‐  1680  nodes,  6720  CPU-‐cores,  8  GB  random-‐access  memory  each
-‐  Largest  cluster  in  the  field
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Volunteer  CompuDng:  Einstein@Home
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•      A  volunteer  supercomputer
            -‐  Screensaver  downloads  astronomical  data
                  in  background
            -‐  Analyses  data  for  pulsars  when  computer  is  idle
            -‐  Reports  back  results

•      Numbers
            -‐  About  340  000  volunteers
            -‐  About  50  000  acNve  computers
            -‐  About  1  PFlop/s  sustained  compuNng    power          
            -‐  Servers  in  Milwaukee  (USA)  and
                  Hannover  (Germany)
            -‐  Built  upon  BOINC  infrastructure

•    3  disDnct  search  efforts  for  neutron  stars
            -‐  GravitaNonal-‐wave  data    (since  2005)
            -‐  Radio  data                                                    (since  2009)
            -‐  Gamma-‐ray  data                              (since  2011)

Screensaver
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Quintessence
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•    GW  astronomy:  signal  absence,  but  advanced  data  analysis  methods
            also  useful  in  related  fields:  signal-‐rich  EM  astronomy.

•    Data  analysis  concepts  (from  GW  to  EM)
              -‐  Hierarchical  strategy  for  highest  efficiency  of  blind  searches
              -‐  Metric  on  parameter  space  for  opNmized  grid  construcNon
              -‐  StochasNc  metric-‐based  grids  for  "non-‐flat"  parameter  spaces

•    Enabled  recent  discoveries
              -‐  Significant  fracNon  of  the  young  pulsar  populaNon  revealed
              -‐  First  MSP  in  gamma-‐ray  blind  search,  shortest  orbital-‐period
                    pulsar  binary  known

•    Fermi  pulsar  revoluNon  sNll  ongoing
            -‐  SNll  hundreds  of  pulsar-‐like  sources  unidenNfied
            -‐  Data  analysis  will  be  crucial  to  unlock  the  secrets  behind

hip://einstein.phys.uwm.edu
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The  End

Backup  Slides  Follow
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Source  Confusion:  Use  Photon  Weights
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To  enhance  search  sensiDvity  a  weight  wj  is  assigned  to  each  selected  

photon  j within  a  few  degrees  around  target  source  posiNon:

•    Weight  represents  the  probability  that  the  photon  originates  from  the
          putaNve  pulsar.

•    Computed  from  full  spectral  model  of  region  around  target  source  and
          instrument  response  funcNons.

•    Shown  to  improve  sensiNvity  in  periodicity  searching:
            ➜    Superior  background  rejecDon  than  simple  angular  cuts.
            ➜    Found  parNcularly  great  improvements  in  crowded  regions  
                        of  the  gamma-‐ray  sky  (e.g.  near  GalacNc  plane).

Kerr,  ApJ  (2011)
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1.  Semi-‐coherent  detecDon  staDsDc
                Sliding  window:  photon  pairs  (j,k)  combined  coherently
                if                                                            ,  otherwise  incoherently;                                                  .

            
            

3-‐Staged  Search  Scheme

38

4 PLETSCH ET AL.

To understand how to compute S efficiently, one can ex-
plicitly evaluate Equation (2). Completing the squares in the
product of the Gaussians and carrying out the integration over
τ , one obtains

S =
N�

j=1

N�

k=1

wjwke−i[Φ(t j)−Φ(tk)]e−π(t j−tk)2/T 2
−

N�

j=1

w2
j . (3)

Here the effective duration of the Gaussian window is�
e−πτ 2/T 2

dτ = T . In practice, to compute the semi-coherent
power efficiently, we replace the Gaussian window in Equa-
tion (3) with a rectangular window of the same duration T , as
given below in Equation (5). In this search, the width of the
rectangular window is T = 219 s (≈ 6 days).

The template grid in parameter space is the Cartesian prod-
uct of a rectangular two-dimensional grid in ( f , ḟ ) and a sky
grid which has constant density when orthogonally projected
onto the ecliptic plane. The problem of constructing effi-
cient search grids has been intensively studied in the context
of gravitational wave searches (see, e.g., Brady et al. 1998;
Brady & Creighton 2000; Prix 2007; Pletsch & Allen 2009;
Pletsch 2010) and we employ these concepts here. The values
of frequency are equally spaced, separated by the fast Fourier
Transform (FFT) frequency-bin width ∆ f = 1/T . In prac-
tice, to reduce the fractional loss in S for frequencies not co-
inciding with Fourier frequencies, we use a computationally
efficient interpolation, referred to as “interbinning” (Ransom
et al. 2002). The spacing in the other three dimensions is de-
termined by a metric which measures the fractional loss in
the expected value of S that arises if the signal is not located
exactly at a grid point (Balasubramanian et al. 1996; Owen
1996; Prix 2007). In spin-down ḟ , we use a uniform grid
spacing ∆ ḟ =

√
720m/πγT 2. In this search m = 0.3 is the

maximum tolerable fractional loss in S, and from Pletsch &
Allen (2009),

γ2 = 1 + 60
N

N�

j=1

�
t j − t̄

�2

T 2 , (4)

where t̄ =
�

j t j/N is the mean photon arrival time. The de-
scription of this grid can be found in Pletsch & Allen (2009)
with a detailed derivation in Pletsch (2010). The grid in the
sky is determined by the same metric, permitting a maxi-
mum fractional loss m in the value of S. The spacing of the
sky grid is determined by the Doppler shift arising from the
Earth’s (more precisely, the Fermi satellite’s) motion around
the Sun. At the north Ecliptic pole the angular spacing is
∆θ =

√
2mc/π f D, where c is the speed of light and D is a

baseline distance (defined below). When the entire sky grid
is projected into the plane of the ecliptic, the grid points are
uniformly spaced on the plane (Astone et al. 2002; Abbott
et al. 2009a,b). This angular spacing is similar to the an-
gular spacing in the diffraction pattern of a two-slit system,
where the wavelength is c/ f and the separation of the two
slits is the straight-line distance D between two points on the
Earth’s orbit about the Sun. If the coherent integration time T
is less than half a year, then D = (998s)c sin(πT/1yr). If the
coherent integration time T is greater than half a year, then
D = (998s)c is the diameter of the Earth’s orbit about the Sun.

To compute S efficiently, a time series is constructed and
subsequently Fourier-transformed into the frequency domain.
The time series contains T ∆ fBW bins, where ∆ fBW is the total

frequency bandwidth being searched at a time using complex
heterodyning29 at the center of ∆ fBW (see, e.g., Patel et al.
2010). The time series is initialized to zero, then the values
of wj wk e−iπ ḟ (t2

j −t2
k ) are added into the bins determined by the

time differences ∆t jk = t j − tk, for all pairs of photons j,k for
which 0 < |∆t jk| ≤ T ; the bin index is obtained by round-
ing the absolute value of the product ∆ fBW ∆t jk to its nearest
integer value.

Then the array is Fourier-transformed into the frequency
domain (exploiting the FFT) to obtain S over the entire f grid.
Up to an overall window-dependent normalization, one can
write for given values of f , ḟ and sky position,

S =
N�

j,k=1

Q(|∆t jk|/T ) wj wk e−2πi f∆t jk−iπ ḟ (t2
j −t2

k ), (5)

where the rectangular function Q(x) is unity if 0 < x ≤ 1 and
vanishes otherwise30.

Although other aspects are different, the use of an FFT ap-
plied to time differences is very similar to techniques previ-
ously used in blind searches of Fermi-LAT data (Atwood et al.
2006, Equation (3) therein has a typo which is corrected in
Equation (2) of Ziegler et al. (2008)). The method used in
Atwood et al. (2006) was the first application of this classic
method (e.g., Blackman & Tukey 1958) to gamma-ray astron-
omy (in estimating the power spectrum an approximate auto-
covariance function is calculated using a maximum lag, and
then Fourier-transformed).

In contrast to previous searches, our method uses an optimal
gridding of the parameter space for both the semi-coherent
and coherent stages, as well as an automated follow-up, and
incorporates the spin-down corrections in a way that permits
heterodyning and highly efficient code.

The search was done on the 1680-node Atlas Computing
Cluster (Aulbert & Fehrmann 2008) built around four-core
processors with 8 GB of random-access memory; for these
we used a heterodyning bandwidth ∆ fBW = 256 Hz. Breaking
the full frequency range of the search into frequency bands
allows the computation to fit into memory, and also allows the
use of different sky grids in each band. This further reduced
the computational cost, since the number of required sky grid
points increases with the square of frequency.

After computing S on the four-dimensional grid in param-
eter space, points with statistically significant values of S are
candidates for possible pulsar signals, and are followed up in
a second stage. This is done by “refining the grid” and in-
creasing the coherent integration time. This is a hierarchical
scheme which is analogous to “zooming”: successively swap-
ping microscope objectives for ones of higher magnification,
then re-centering the interesting point on the slide (see, e.g.,
Cutler et al. 2005; Krishnan et al. 2004). In our case, this is
done by constructing the fully coherent detection statistic P
over the entire data set (or equivalently taking the Gaussian
window-size T →∞ in Equation (1)) obtaining

P =
1
κ2

����
N�

j=1

wj e−iΦ(t j)
����
2

, (6)

29 Complex heterodyning is a procedure which shifts frequencies in time-
series data by a fixed offset fh. This is accomplished by multiplying the time
series by e−2π fht j , shifting all frequencies by fh.

30 Note that by symmetry S is real, because interchanging indices j and k
is equivalent to complex conjugating the exponential factor.
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with  rectangular  funcNon                          is  unity  if                                            ,  zero  otherwise.
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the expected value of S that arises if the signal is not located
exactly at a grid point (Balasubramanian et al. 1996; Owen
1996; Prix 2007). In spin-down ḟ , we use a uniform grid
spacing ∆ ḟ =

√
720m/πγT 2. In this search m = 0.3 is the

maximum tolerable fractional loss in S, and from Pletsch &
Allen (2009),

γ2 = 1 + 60
N
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where t̄ =
�

j t j/N is the mean photon arrival time. The de-
scription of this grid can be found in Pletsch & Allen (2009)
with a detailed derivation in Pletsch (2010). The grid in the
sky is determined by the same metric, permitting a maxi-
mum fractional loss m in the value of S. The spacing of the
sky grid is determined by the Doppler shift arising from the
Earth’s (more precisely, the Fermi satellite’s) motion around
the Sun. At the north Ecliptic pole the angular spacing is
∆θ =

√
2mc/π f D, where c is the speed of light and D is a

baseline distance (defined below). When the entire sky grid
is projected into the plane of the ecliptic, the grid points are
uniformly spaced on the plane (Astone et al. 2002; Abbott
et al. 2009a,b). This angular spacing is similar to the an-
gular spacing in the diffraction pattern of a two-slit system,
where the wavelength is c/ f and the separation of the two
slits is the straight-line distance D between two points on the
Earth’s orbit about the Sun. If the coherent integration time T
is less than half a year, then D = (998s)c sin(πT/1yr). If the
coherent integration time T is greater than half a year, then
D = (998s)c is the diameter of the Earth’s orbit about the Sun.

To compute S efficiently, a time series is constructed and
subsequently Fourier-transformed into the frequency domain.
The time series contains T ∆ fBW bins, where ∆ fBW is the total

frequency bandwidth being searched at a time using complex
heterodyning29 at the center of ∆ fBW (see, e.g., Patel et al.
2010). The time series is initialized to zero, then the values
of wj wk e−iπ ḟ (t2

j −t2
k ) are added into the bins determined by the

time differences ∆t jk = t j − tk, for all pairs of photons j,k for
which 0 < |∆t jk| ≤ T ; the bin index is obtained by round-
ing the absolute value of the product ∆ fBW ∆t jk to its nearest
integer value.

Then the array is Fourier-transformed into the frequency
domain (exploiting the FFT) to obtain S over the entire f grid.
Up to an overall window-dependent normalization, one can
write for given values of f , ḟ and sky position,

S =
N�

j,k=1

Q(|∆t jk|/T ) wj wk e−2πi f∆t jk−iπ ḟ (t2
j −t2

k ), (5)

where the rectangular function Q(x) is unity if 0 < x ≤ 1 and
vanishes otherwise30.

Although other aspects are different, the use of an FFT ap-
plied to time differences is very similar to techniques previ-
ously used in blind searches of Fermi-LAT data (Atwood et al.
2006, Equation (3) therein has a typo which is corrected in
Equation (2) of Ziegler et al. (2008)). The method used in
Atwood et al. (2006) was the first application of this classic
method (e.g., Blackman & Tukey 1958) to gamma-ray astron-
omy (in estimating the power spectrum an approximate auto-
covariance function is calculated using a maximum lag, and
then Fourier-transformed).

In contrast to previous searches, our method uses an optimal
gridding of the parameter space for both the semi-coherent
and coherent stages, as well as an automated follow-up, and
incorporates the spin-down corrections in a way that permits
heterodyning and highly efficient code.

The search was done on the 1680-node Atlas Computing
Cluster (Aulbert & Fehrmann 2008) built around four-core
processors with 8 GB of random-access memory; for these
we used a heterodyning bandwidth ∆ fBW = 256 Hz. Breaking
the full frequency range of the search into frequency bands
allows the computation to fit into memory, and also allows the
use of different sky grids in each band. This further reduced
the computational cost, since the number of required sky grid
points increases with the square of frequency.

After computing S on the four-dimensional grid in param-
eter space, points with statistically significant values of S are
candidates for possible pulsar signals, and are followed up in
a second stage. This is done by “refining the grid” and in-
creasing the coherent integration time. This is a hierarchical
scheme which is analogous to “zooming”: successively swap-
ping microscope objectives for ones of higher magnification,
then re-centering the interesting point on the slide (see, e.g.,
Cutler et al. 2005; Krishnan et al. 2004). In our case, this is
done by constructing the fully coherent detection statistic P
over the entire data set (or equivalently taking the Gaussian
window-size T →∞ in Equation (1)) obtaining

P =
1
κ2

����
N�

j=1

wj e−iΦ(t j)
����
2

, (6)

29 Complex heterodyning is a procedure which shifts frequencies in time-
series data by a fixed offset fh. This is accomplished by multiplying the time
series by e−2π fht j , shifting all frequencies by fh.

30 Note that by symmetry S is real, because interchanging indices j and k
is equivalent to complex conjugating the exponential factor.
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To understand how to compute S efficiently, one can ex-
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given below in Equation (5). In this search, the width of the
rectangular window is T = 219 s (≈ 6 days).
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grid which has constant density when orthogonally projected
onto the ecliptic plane. The problem of constructing effi-
cient search grids has been intensively studied in the context
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Brady & Creighton 2000; Prix 2007; Pletsch & Allen 2009;
Pletsch 2010) and we employ these concepts here. The values
of frequency are equally spaced, separated by the fast Fourier
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tice, to reduce the fractional loss in S for frequencies not co-
inciding with Fourier frequencies, we use a computationally
efficient interpolation, referred to as “interbinning” (Ransom
et al. 2002). The spacing in the other three dimensions is de-
termined by a metric which measures the fractional loss in
the expected value of S that arises if the signal is not located
exactly at a grid point (Balasubramanian et al. 1996; Owen
1996; Prix 2007). In spin-down ḟ , we use a uniform grid
spacing ∆ ḟ =
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j t j/N is the mean photon arrival time. The de-
scription of this grid can be found in Pletsch & Allen (2009)
with a detailed derivation in Pletsch (2010). The grid in the
sky is determined by the same metric, permitting a maxi-
mum fractional loss m in the value of S. The spacing of the
sky grid is determined by the Doppler shift arising from the
Earth’s (more precisely, the Fermi satellite’s) motion around
the Sun. At the north Ecliptic pole the angular spacing is
∆θ =
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2mc/π f D, where c is the speed of light and D is a

baseline distance (defined below). When the entire sky grid
is projected into the plane of the ecliptic, the grid points are
uniformly spaced on the plane (Astone et al. 2002; Abbott
et al. 2009a,b). This angular spacing is similar to the an-
gular spacing in the diffraction pattern of a two-slit system,
where the wavelength is c/ f and the separation of the two
slits is the straight-line distance D between two points on the
Earth’s orbit about the Sun. If the coherent integration time T
is less than half a year, then D = (998s)c sin(πT/1yr). If the
coherent integration time T is greater than half a year, then
D = (998s)c is the diameter of the Earth’s orbit about the Sun.

To compute S efficiently, a time series is constructed and
subsequently Fourier-transformed into the frequency domain.
The time series contains T ∆ fBW bins, where ∆ fBW is the total

frequency bandwidth being searched at a time using complex
heterodyning29 at the center of ∆ fBW (see, e.g., Patel et al.
2010). The time series is initialized to zero, then the values
of wj wk e−iπ ḟ (t2

j −t2
k ) are added into the bins determined by the

time differences ∆t jk = t j − tk, for all pairs of photons j,k for
which 0 < |∆t jk| ≤ T ; the bin index is obtained by round-
ing the absolute value of the product ∆ fBW ∆t jk to its nearest
integer value.

Then the array is Fourier-transformed into the frequency
domain (exploiting the FFT) to obtain S over the entire f grid.
Up to an overall window-dependent normalization, one can
write for given values of f , ḟ and sky position,

S =
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j,k=1

Q(|∆t jk|/T ) wj wk e−2πi f∆t jk−iπ ḟ (t2
j −t2

k ), (5)

where the rectangular function Q(x) is unity if 0 < x ≤ 1 and
vanishes otherwise30.

Although other aspects are different, the use of an FFT ap-
plied to time differences is very similar to techniques previ-
ously used in blind searches of Fermi-LAT data (Atwood et al.
2006, Equation (3) therein has a typo which is corrected in
Equation (2) of Ziegler et al. (2008)). The method used in
Atwood et al. (2006) was the first application of this classic
method (e.g., Blackman & Tukey 1958) to gamma-ray astron-
omy (in estimating the power spectrum an approximate auto-
covariance function is calculated using a maximum lag, and
then Fourier-transformed).

In contrast to previous searches, our method uses an optimal
gridding of the parameter space for both the semi-coherent
and coherent stages, as well as an automated follow-up, and
incorporates the spin-down corrections in a way that permits
heterodyning and highly efficient code.

The search was done on the 1680-node Atlas Computing
Cluster (Aulbert & Fehrmann 2008) built around four-core
processors with 8 GB of random-access memory; for these
we used a heterodyning bandwidth ∆ fBW = 256 Hz. Breaking
the full frequency range of the search into frequency bands
allows the computation to fit into memory, and also allows the
use of different sky grids in each band. This further reduced
the computational cost, since the number of required sky grid
points increases with the square of frequency.

After computing S on the four-dimensional grid in param-
eter space, points with statistically significant values of S are
candidates for possible pulsar signals, and are followed up in
a second stage. This is done by “refining the grid” and in-
creasing the coherent integration time. This is a hierarchical
scheme which is analogous to “zooming”: successively swap-
ping microscope objectives for ones of higher magnification,
then re-centering the interesting point on the slide (see, e.g.,
Cutler et al. 2005; Krishnan et al. 2004). In our case, this is
done by constructing the fully coherent detection statistic P
over the entire data set (or equivalently taking the Gaussian
window-size T →∞ in Equation (1)) obtaining

P =
1
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29 Complex heterodyning is a procedure which shifts frequencies in time-
series data by a fixed offset fh. This is accomplished by multiplying the time
series by e−2π fht j , shifting all frequencies by fh.
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➜            can  be  evaluated  efficiently  with  FFT.
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-‐  For  every  semi-‐coherent  candidate,  P  computed  on  refined  grid  (where  γ=1  and  T➝Tdata).
-‐  Narrow  parameter-‐space  region  plus  sparsity  of  photon  data  allow  direct  computaNon  of  P    (no  FFTs  used).
-‐  If  P  of  candidate  staNsNcally  significant,  then  further  refinement  in  3.  stage.
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To understand how to compute S efficiently, one can ex-
plicitly evaluate Equation (2). Completing the squares in the
product of the Gaussians and carrying out the integration over
τ , one obtains
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Here the effective duration of the Gaussian window is�
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dτ = T . In practice, to compute the semi-coherent
power efficiently, we replace the Gaussian window in Equa-
tion (3) with a rectangular window of the same duration T , as
given below in Equation (5). In this search, the width of the
rectangular window is T = 219 s (≈ 6 days).

The template grid in parameter space is the Cartesian prod-
uct of a rectangular two-dimensional grid in ( f , ḟ ) and a sky
grid which has constant density when orthogonally projected
onto the ecliptic plane. The problem of constructing effi-
cient search grids has been intensively studied in the context
of gravitational wave searches (see, e.g., Brady et al. 1998;
Brady & Creighton 2000; Prix 2007; Pletsch & Allen 2009;
Pletsch 2010) and we employ these concepts here. The values
of frequency are equally spaced, separated by the fast Fourier
Transform (FFT) frequency-bin width ∆ f = 1/T . In prac-
tice, to reduce the fractional loss in S for frequencies not co-
inciding with Fourier frequencies, we use a computationally
efficient interpolation, referred to as “interbinning” (Ransom
et al. 2002). The spacing in the other three dimensions is de-
termined by a metric which measures the fractional loss in
the expected value of S that arises if the signal is not located
exactly at a grid point (Balasubramanian et al. 1996; Owen
1996; Prix 2007). In spin-down ḟ , we use a uniform grid
spacing ∆ ḟ =
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720m/πγT 2. In this search m = 0.3 is the

maximum tolerable fractional loss in S, and from Pletsch &
Allen (2009),

γ2 = 1 + 60
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where t̄ =
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j t j/N is the mean photon arrival time. The de-
scription of this grid can be found in Pletsch & Allen (2009)
with a detailed derivation in Pletsch (2010). The grid in the
sky is determined by the same metric, permitting a maxi-
mum fractional loss m in the value of S. The spacing of the
sky grid is determined by the Doppler shift arising from the
Earth’s (more precisely, the Fermi satellite’s) motion around
the Sun. At the north Ecliptic pole the angular spacing is
∆θ =
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2mc/π f D, where c is the speed of light and D is a

baseline distance (defined below). When the entire sky grid
is projected into the plane of the ecliptic, the grid points are
uniformly spaced on the plane (Astone et al. 2002; Abbott
et al. 2009a,b). This angular spacing is similar to the an-
gular spacing in the diffraction pattern of a two-slit system,
where the wavelength is c/ f and the separation of the two
slits is the straight-line distance D between two points on the
Earth’s orbit about the Sun. If the coherent integration time T
is less than half a year, then D = (998s)c sin(πT/1yr). If the
coherent integration time T is greater than half a year, then
D = (998s)c is the diameter of the Earth’s orbit about the Sun.

To compute S efficiently, a time series is constructed and
subsequently Fourier-transformed into the frequency domain.
The time series contains T ∆ fBW bins, where ∆ fBW is the total

frequency bandwidth being searched at a time using complex
heterodyning29 at the center of ∆ fBW (see, e.g., Patel et al.
2010). The time series is initialized to zero, then the values
of wj wk e−iπ ḟ (t2
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k ) are added into the bins determined by the

time differences ∆t jk = t j − tk, for all pairs of photons j,k for
which 0 < |∆t jk| ≤ T ; the bin index is obtained by round-
ing the absolute value of the product ∆ fBW ∆t jk to its nearest
integer value.

Then the array is Fourier-transformed into the frequency
domain (exploiting the FFT) to obtain S over the entire f grid.
Up to an overall window-dependent normalization, one can
write for given values of f , ḟ and sky position,

S =
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j,k=1

Q(|∆t jk|/T ) wj wk e−2πi f∆t jk−iπ ḟ (t2
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k ), (5)

where the rectangular function Q(x) is unity if 0 < x ≤ 1 and
vanishes otherwise30.

Although other aspects are different, the use of an FFT ap-
plied to time differences is very similar to techniques previ-
ously used in blind searches of Fermi-LAT data (Atwood et al.
2006, Equation (3) therein has a typo which is corrected in
Equation (2) of Ziegler et al. (2008)). The method used in
Atwood et al. (2006) was the first application of this classic
method (e.g., Blackman & Tukey 1958) to gamma-ray astron-
omy (in estimating the power spectrum an approximate auto-
covariance function is calculated using a maximum lag, and
then Fourier-transformed).

In contrast to previous searches, our method uses an optimal
gridding of the parameter space for both the semi-coherent
and coherent stages, as well as an automated follow-up, and
incorporates the spin-down corrections in a way that permits
heterodyning and highly efficient code.

The search was done on the 1680-node Atlas Computing
Cluster (Aulbert & Fehrmann 2008) built around four-core
processors with 8 GB of random-access memory; for these
we used a heterodyning bandwidth ∆ fBW = 256 Hz. Breaking
the full frequency range of the search into frequency bands
allows the computation to fit into memory, and also allows the
use of different sky grids in each band. This further reduced
the computational cost, since the number of required sky grid
points increases with the square of frequency.

After computing S on the four-dimensional grid in param-
eter space, points with statistically significant values of S are
candidates for possible pulsar signals, and are followed up in
a second stage. This is done by “refining the grid” and in-
creasing the coherent integration time. This is a hierarchical
scheme which is analogous to “zooming”: successively swap-
ping microscope objectives for ones of higher magnification,
then re-centering the interesting point on the slide (see, e.g.,
Cutler et al. 2005; Krishnan et al. 2004). In our case, this is
done by constructing the fully coherent detection statistic P
over the entire data set (or equivalently taking the Gaussian
window-size T →∞ in Equation (1)) obtaining

P =
1
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29 Complex heterodyning is a procedure which shifts frequencies in time-
series data by a fixed offset fh. This is accomplished by multiplying the time
series by e−2π fht j , shifting all frequencies by fh.

30 Note that by symmetry S is real, because interchanging indices j and k
is equivalent to complex conjugating the exponential factor.
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FIG. 1.— Search results for the newly discovered pulsar PSR J1620–4927 (the large black dot in the lower left of each panel). The left panel (a) shows the
semi-coherent search results, representing about 2 CPU years of computing on a single core. (Since the computing cost scales as the square of frequency, a search
up to 64 Hz as in previous searches (Abdo et al. 2009a; Saz Parkinson et al. 2010) would have taken about 1.4 CPU days on a single core.) The bottom left panel
shows the semi-coherent detection statistic S as a function of f and ḟ , maximized over the sky grid. The value of S is represented by the color bar. A further
maximization over f is shown to the right; a further maximization over ḟ is shown above. PSR J1620–4927, the darkest point near the bottom left of each figure,
stands out clearly from the noise. In the same form, the right panel (b) presents the fully coherent follow-up search results of the previous candidate (and every
other candidate “dot”) shown in the left panel. The quantity plotted is now the fully coherent detection statistic P over the entire data set. As explained in the
text, for each candidate this covers a region of parameter space which is four steps of the semi-coherent grid in each dimension.

where for convenience we have normalized by the positive
constant κ given by

κ2 =
1
2

N�

j=1

w
2
j
. (7)

The computing cost to coherently follow up a single candidate
is negligible in comparison to the cost of the previous semi-
coherent search.

In selecting statistically significant semi-coherent candi-
dates which are automatically followed up in the second stage
using a fully coherent analysis, we do not use a fixed thresh-
old to define “statistical significance”. In the semi-coherent
stage, the search code keeps an internal list of the strongest
signal candidates. Each member of this list is coherently fol-
lowed up and corresponds to the largest value of S detected in
eight adjacent spin-down values for the entire heterodyning
frequency bandwidth and a single sky point.

The refined grid of the fully coherent follow-up covers a
region of parameter space of size (4∆ f )× (4∆ ḟ )× (4∆θ×
4∆θ) when projected into the ecliptic plane. In other words,
it covers a region whose volume is 256 times larger than the
volume of a fundamental cell in the original grid: its extent in
each dimension of parameter space is four grid intervals. The
refined grid has a spacing given by the previous formulae for
∆ f , ∆ ḟ , and ∆θ, except that the coherence time T is set equal
to the length of the entire data set, and γ = 1. Since in this case
only a small parameter-space region around the candidate is
explored, it is computationally efficient to compute P directly
in the time domain (FFTs are not used), exploiting the sparsity
of the photon data.

If the value of P, which measures the fully coherent power
(in a single harmonic), is statistically significant, then in a
third stage further refinement is carried out using higher har-
monics (Fourier components). We adopt the so-called H-test,

which has been widely used in X-ray and gamma-ray pulsar
detection (de Jager et al. 1989; de Jager & Büsching 2010).
This test measures the statistical significance of the energy in
the first 20 (non-DC) Fourier components of the pulse pro-
file as a function of phase. As in Equation (1), the H-test can
also be modified to include the photon probability weights wj

(see Kerr 2011a). Note that Equation (5) in Kerr (2011a) con-
tains an error; corrected formulae used in this work are given
below.

The weighted H-test statistic is defined as follows. For each
photon arrival time t j, the pulse phase x j (between zero and
one) is calculated as x j =

�
Φ(t j) mod 2π

�
/2π. The pulse pro-

file (for 0 ≤ x < 1) is a sum over the photons

p(x) =
N�

j=1

wj δ(x − x j), (8)

where x j is the pulse phase of the jth photon and δ(x) is a
one-dimensional Dirac delta-function. It can be expressed as
a Fourier series

p(x) = κ
∞�

�=−∞
α� e2πi�x, (9)

which implies that the (complex) Fourier coefficients α� are
given by

α� =
1
κ

N�

j=1

wj e−2πi�xj , (10)

where the definition of κ is identical to Equation (7). The
normalization of the Fourier coefficients has been chosen so
that if the photon arrival times are uniformly distributed, inde-
pendent random variables, then in the limit of the large num-
bers of photons, for � > 0, �(α�) and �(α�) are independent
Gaussian random variables with zero mean and unit variance.

with  normalizaNon:
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To understand how to compute S efficiently, one can ex-
plicitly evaluate Equation (2). Completing the squares in the
product of the Gaussians and carrying out the integration over
τ , one obtains
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Here the effective duration of the Gaussian window is�
e−πτ 2/T 2

dτ = T . In practice, to compute the semi-coherent
power efficiently, we replace the Gaussian window in Equa-
tion (3) with a rectangular window of the same duration T , as
given below in Equation (5). In this search, the width of the
rectangular window is T = 219 s (≈ 6 days).

The template grid in parameter space is the Cartesian prod-
uct of a rectangular two-dimensional grid in ( f , ḟ ) and a sky
grid which has constant density when orthogonally projected
onto the ecliptic plane. The problem of constructing effi-
cient search grids has been intensively studied in the context
of gravitational wave searches (see, e.g., Brady et al. 1998;
Brady & Creighton 2000; Prix 2007; Pletsch & Allen 2009;
Pletsch 2010) and we employ these concepts here. The values
of frequency are equally spaced, separated by the fast Fourier
Transform (FFT) frequency-bin width ∆ f = 1/T . In prac-
tice, to reduce the fractional loss in S for frequencies not co-
inciding with Fourier frequencies, we use a computationally
efficient interpolation, referred to as “interbinning” (Ransom
et al. 2002). The spacing in the other three dimensions is de-
termined by a metric which measures the fractional loss in
the expected value of S that arises if the signal is not located
exactly at a grid point (Balasubramanian et al. 1996; Owen
1996; Prix 2007). In spin-down ḟ , we use a uniform grid
spacing ∆ ḟ =
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720m/πγT 2. In this search m = 0.3 is the

maximum tolerable fractional loss in S, and from Pletsch &
Allen (2009),

γ2 = 1 + 60
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where t̄ =
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j t j/N is the mean photon arrival time. The de-
scription of this grid can be found in Pletsch & Allen (2009)
with a detailed derivation in Pletsch (2010). The grid in the
sky is determined by the same metric, permitting a maxi-
mum fractional loss m in the value of S. The spacing of the
sky grid is determined by the Doppler shift arising from the
Earth’s (more precisely, the Fermi satellite’s) motion around
the Sun. At the north Ecliptic pole the angular spacing is
∆θ =

√
2mc/π f D, where c is the speed of light and D is a

baseline distance (defined below). When the entire sky grid
is projected into the plane of the ecliptic, the grid points are
uniformly spaced on the plane (Astone et al. 2002; Abbott
et al. 2009a,b). This angular spacing is similar to the an-
gular spacing in the diffraction pattern of a two-slit system,
where the wavelength is c/ f and the separation of the two
slits is the straight-line distance D between two points on the
Earth’s orbit about the Sun. If the coherent integration time T
is less than half a year, then D = (998s)c sin(πT/1yr). If the
coherent integration time T is greater than half a year, then
D = (998s)c is the diameter of the Earth’s orbit about the Sun.

To compute S efficiently, a time series is constructed and
subsequently Fourier-transformed into the frequency domain.
The time series contains T ∆ fBW bins, where ∆ fBW is the total

frequency bandwidth being searched at a time using complex
heterodyning29 at the center of ∆ fBW (see, e.g., Patel et al.
2010). The time series is initialized to zero, then the values
of wj wk e−iπ ḟ (t2

j −t2
k ) are added into the bins determined by the

time differences ∆t jk = t j − tk, for all pairs of photons j,k for
which 0 < |∆t jk| ≤ T ; the bin index is obtained by round-
ing the absolute value of the product ∆ fBW ∆t jk to its nearest
integer value.

Then the array is Fourier-transformed into the frequency
domain (exploiting the FFT) to obtain S over the entire f grid.
Up to an overall window-dependent normalization, one can
write for given values of f , ḟ and sky position,

S =
N�

j,k=1

Q(|∆t jk|/T ) wj wk e−2πi f∆t jk−iπ ḟ (t2
j −t2

k ), (5)

where the rectangular function Q(x) is unity if 0 < x ≤ 1 and
vanishes otherwise30.

Although other aspects are different, the use of an FFT ap-
plied to time differences is very similar to techniques previ-
ously used in blind searches of Fermi-LAT data (Atwood et al.
2006, Equation (3) therein has a typo which is corrected in
Equation (2) of Ziegler et al. (2008)). The method used in
Atwood et al. (2006) was the first application of this classic
method (e.g., Blackman & Tukey 1958) to gamma-ray astron-
omy (in estimating the power spectrum an approximate auto-
covariance function is calculated using a maximum lag, and
then Fourier-transformed).

In contrast to previous searches, our method uses an optimal
gridding of the parameter space for both the semi-coherent
and coherent stages, as well as an automated follow-up, and
incorporates the spin-down corrections in a way that permits
heterodyning and highly efficient code.

The search was done on the 1680-node Atlas Computing
Cluster (Aulbert & Fehrmann 2008) built around four-core
processors with 8 GB of random-access memory; for these
we used a heterodyning bandwidth ∆ fBW = 256 Hz. Breaking
the full frequency range of the search into frequency bands
allows the computation to fit into memory, and also allows the
use of different sky grids in each band. This further reduced
the computational cost, since the number of required sky grid
points increases with the square of frequency.

After computing S on the four-dimensional grid in param-
eter space, points with statistically significant values of S are
candidates for possible pulsar signals, and are followed up in
a second stage. This is done by “refining the grid” and in-
creasing the coherent integration time. This is a hierarchical
scheme which is analogous to “zooming”: successively swap-
ping microscope objectives for ones of higher magnification,
then re-centering the interesting point on the slide (see, e.g.,
Cutler et al. 2005; Krishnan et al. 2004). In our case, this is
done by constructing the fully coherent detection statistic P
over the entire data set (or equivalently taking the Gaussian
window-size T →∞ in Equation (1)) obtaining

P =
1
κ2

����
N�

j=1

wj e−iΦ(t j)
����
2

, (6)

29 Complex heterodyning is a procedure which shifts frequencies in time-
series data by a fixed offset fh. This is accomplished by multiplying the time
series by e−2π fht j , shifting all frequencies by fh.

30 Note that by symmetry S is real, because interchanging indices j and k
is equivalent to complex conjugating the exponential factor.

Photons: j,k=1,...,N

3.  Fully  coherent  detecDon  staDsDc  using  higher  harmonics
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FIG. 2.— Weighted H-test statistic for PSR J1620–4927. Panels (a) and (b) show contour plots of the weighted H-test statistic as a function of sky position (a)
and ( f , ḟ ) (b). These are peaked at the parameter-space location indicated by the black cross and the axes show the offset from these values. Panel (c) shows how
the maximum weighted H-test statistic (shown in (a) and (b)) accumulates with time. The H-test increases (approximately) linearly with time, as expected for a
pulsar that is emitting uniformly.

Finally, the weighted H-test statistic is defined as

H = max
1≤L≤20

� L�

�=1

|α�|2 − 4(L − 1)
�
. (11)

The quantity which is subtracted, 4(L − 1), is motivated by an
empirical numerical study (de Jager et al. 1989), providing the
best omnibus test for unknown pulse profiles.

Maximizing H over sky position, frequency f , and spin-
down rate ḟ selects the “narrowest and sharpest” overall pulse
profile. In contrast, maximizing the statistic P = |α1|2 of
Equation (6) favors putting more power into the lowest har-
monics.

Using H as the test statistic, a further stage of parameter-
space refinement is done in the same way as before: in the fre-
quency, spin-down, and sky parameters, we cover regions that
include four grid steps (in each dimension) of the previous
grid. The chosen refinement factor (ratio of the number of grid
points after and before refinement, in each dimension) is about
an order of magnitude. At each grid point, the weighted H-
statistic of Equation (11) is found. The parameter-space point
with the largest statistic is selected as our best estimate of the
pulsars’ parameters which are then further refined through the
timing-analysis procedure (Ray et al. 2011) described in Sec-
tion 5.2.

The hierarchical search pipeline has been validated by suc-
cessfully recovering previously known gamma-ray pulsars,
including some of the brightest gamma-ray MSPs (Abdo et al.
2010c; Pletsch & Guillemot 2011). In the next section, the
complete search scheme is illustrated with a detailed exam-
ple.

4. EXAMPLE: RESULTS FOR PSR J1620–4927

Before giving the results for all of the pulsars that have
been discovered with this new search method, we first go
through a single example in detail. This illustration uses
PSR J1620–4927, the first new pulsar found in this work.

Figure 1(a) shows the first stage of the analysis. For each
f and ḟ value, the largest value of S found in the sky grid
is displayed as an intensity. The point of highest intensity
corresponds to PSR J1620–4927’s f and ḟ parameters.

The second analysis stage is the automated follow-up of all
candidates shown in Figure 1(a). As explained in Section 3,
this is accomplished by carrying out a fully coherent search
over a small region of parameter space around each candi-
date which has been identified as statistically significant in
the previous semi-coherent stage. If the candidate found in
the semi-coherent step was simply a statistical outlier, then
the fully coherent statistic P will not be significant. Fig-
ure 1(b) presents the results of the fully coherent statistic P for
PSR J1620–4927. Again the point of highest intensity com-
pared to the background, indicating the presence of a coherent
signal in the data set, is due to the new pulsar.

The importance of the photon probability weights wj can be
illustrated by repeating the analysis using the same 8000 pho-
tons with the weights set to unity. (Note that the weights were
used in selecting the 8000 photons, so this is not a complete
comparison.) The result is that Figure 1(a) still shows a sta-
tistically significant outlier in the semi-coherent search step,
which is followed up automatically and gives a statistically
significant outlier in the fully coherent output of Figure 1(b).
In both steps the signal and its statistical significance are re-
duced, but the pulsar is still found. However for some of the
other new pulsars, this is not the case: if the weights are set
to unity, then the pulsar is not detected. Overall the weights
play a larger role for sources in crowded regions of the sky,
for example, near the Galactic plane.

At the third stage, further refinement is carried out by max-
imizing the weighted H-test statistic over a small region of
parameter space around the most significant candidate from
the previous step. As described in Section 3, the parameter-
space grid used at this stage is yet another order-of-magnitude
finer than the one of the previous stage. Figure 2 shows the
corresponding results for PSR J1620–4927.

The parameter-space point with the largest H-test statistic
is selected as our best estimate of the pulsar parameters at this
stage. The uncertainties in these estimated parameters can be
obtained by using the fact that a 1σ deviation for a Gaussian
distribution has a value ≈ 0.6 of the maximum. In the current
example, as shown in Figure 2, the value of the maximum
weighted H-test statistic is 566.

Figure 2(c) illustrates the way the weighted H-test statistic
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and ( f , ḟ ) (b). These are peaked at the parameter-space location indicated by the black cross and the axes show the offset from these values. Panel (c) shows how
the maximum weighted H-test statistic (shown in (a) and (b)) accumulates with time. The H-test increases (approximately) linearly with time, as expected for a
pulsar that is emitting uniformly.

Finally, the weighted H-test statistic is defined as

H = max
1≤L≤20

� L�

�=1

|α�|2 − 4(L − 1)
�
. (11)

The quantity which is subtracted, 4(L − 1), is motivated by an
empirical numerical study (de Jager et al. 1989), providing the
best omnibus test for unknown pulse profiles.

Maximizing H over sky position, frequency f , and spin-
down rate ḟ selects the “narrowest and sharpest” overall pulse
profile. In contrast, maximizing the statistic P = |α1|2 of
Equation (6) favors putting more power into the lowest har-
monics.

Using H as the test statistic, a further stage of parameter-
space refinement is done in the same way as before: in the fre-
quency, spin-down, and sky parameters, we cover regions that
include four grid steps (in each dimension) of the previous
grid. The chosen refinement factor (ratio of the number of grid
points after and before refinement, in each dimension) is about
an order of magnitude. At each grid point, the weighted H-
statistic of Equation (11) is found. The parameter-space point
with the largest statistic is selected as our best estimate of the
pulsars’ parameters which are then further refined through the
timing-analysis procedure (Ray et al. 2011) described in Sec-
tion 5.2.

The hierarchical search pipeline has been validated by suc-
cessfully recovering previously known gamma-ray pulsars,
including some of the brightest gamma-ray MSPs (Abdo et al.
2010c; Pletsch & Guillemot 2011). In the next section, the
complete search scheme is illustrated with a detailed exam-
ple.

4. EXAMPLE: RESULTS FOR PSR J1620–4927

Before giving the results for all of the pulsars that have
been discovered with this new search method, we first go
through a single example in detail. This illustration uses
PSR J1620–4927, the first new pulsar found in this work.

Figure 1(a) shows the first stage of the analysis. For each
f and ḟ value, the largest value of S found in the sky grid
is displayed as an intensity. The point of highest intensity
corresponds to PSR J1620–4927’s f and ḟ parameters.

The second analysis stage is the automated follow-up of all
candidates shown in Figure 1(a). As explained in Section 3,
this is accomplished by carrying out a fully coherent search
over a small region of parameter space around each candi-
date which has been identified as statistically significant in
the previous semi-coherent stage. If the candidate found in
the semi-coherent step was simply a statistical outlier, then
the fully coherent statistic P will not be significant. Fig-
ure 1(b) presents the results of the fully coherent statistic P for
PSR J1620–4927. Again the point of highest intensity com-
pared to the background, indicating the presence of a coherent
signal in the data set, is due to the new pulsar.

The importance of the photon probability weights wj can be
illustrated by repeating the analysis using the same 8000 pho-
tons with the weights set to unity. (Note that the weights were
used in selecting the 8000 photons, so this is not a complete
comparison.) The result is that Figure 1(a) still shows a sta-
tistically significant outlier in the semi-coherent search step,
which is followed up automatically and gives a statistically
significant outlier in the fully coherent output of Figure 1(b).
In both steps the signal and its statistical significance are re-
duced, but the pulsar is still found. However for some of the
other new pulsars, this is not the case: if the weights are set
to unity, then the pulsar is not detected. Overall the weights
play a larger role for sources in crowded regions of the sky,
for example, near the Galactic plane.

At the third stage, further refinement is carried out by max-
imizing the weighted H-test statistic over a small region of
parameter space around the most significant candidate from
the previous step. As described in Section 3, the parameter-
space grid used at this stage is yet another order-of-magnitude
finer than the one of the previous stage. Figure 2 shows the
corresponding results for PSR J1620–4927.

The parameter-space point with the largest H-test statistic
is selected as our best estimate of the pulsar parameters at this
stage. The uncertainties in these estimated parameters can be
obtained by using the fact that a 1σ deviation for a Gaussian
distribution has a value ≈ 0.6 of the maximum. In the current
example, as shown in Figure 2, the value of the maximum
weighted H-test statistic is 566.

Figure 2(c) illustrates the way the weighted H-test statistic

-‐  Exact  pulse  profile  unknown,  so  maximize  over  different  number  of  harmonics          ;  refinement  by  about          per  dim'.

De  Jager  et  al.,  ApJ  (1989)
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1.      Semi-‐coherent  search  using  
              sliding  coherence  window  technique
              (coherence  window  size  ≈6  days):

2.  Coherent  follow-‐up  of  significant  
          candidates,  fully-‐coherently  integraNng  
          over  the  enNre  dataset  (≈975  days):
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3.      Maximizing  weighted  H-‐test  over  4D  search  parameter  space:

Maximum  weighted  H-‐test  value  accumulates  linearly  with  Nme.

A{er  ≈103  days:      H=566  ⇒ single-‐trial  false  alarm  probability  ≈10-‐98

⇒ Pulsar  signal  is  real!

Sky ( f, f )
.
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4.        Final  Dming  soluNon  
                using  methods  described  in  
                Ray  et  al.,  2011:

  -‐  Divide  data  into  a  few  segments.
  -‐  Fold  photon  arrival  Nmes  with
        preliminary  ephemeris  to  get  
        set  of  pulse  profiles.
  -‐  Gewng  TOAs:
        Cross-‐correlate  each  pulse  profile
        with  mulN-‐Gaussian  template  
        derived  from  all  data.
  -‐  Use  TEMPO2  to  fit  TOAs  to  a  
        Nming  model.

Photon  weight Weighted  counts

Pulse  PhasePulse  Phase

Ti
m
e  
  

>  0.1  GeV

2009

2010

2011
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Conclusion

•    GW  astronomy:  signal  absence,  advanced  data-‐analysis  methods,
          also  useful  in  related  fields:  signal-‐rich  EM  astronomy.

•    New  gamma-‐ray  pulsars  discovered  in  blind  searches  of  Fermi-‐LAT  data
          -‐  TradiNonal  methods:
                    With  1  year  of  LAT  data:  24
                    with  2  years:    2
                    with  3  years:    0
          ⇒  New  search  methods  using  ~3  years  of  LAT  data:    9  +  1  +  ...  

•    So  far:  only  one  of  the  10  pulsars  also  seen  in  radio.  
        ⇒  Rest:  radio-‐quiet  gamma-‐ray  pulsars  

                  (would  not  have  been  found  without  blind  search!)

•    Increased  populaDon  of  known  radio-‐quiet  pulsars  by  ~30%!
          ⇒  A  larger  sample  is  important  to  improve  the  understanding  of  geometry/emission

•    To  find  the  first  radio-‐quiet  millisecond  gamma-‐ray  pulsar,  
          search  now  underway  with  volunteer  compuNng  on  Einstein@Home.      
          ⇒  Would  be  important  advance  in  understanding  of  pulsars.
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The Large Area Telescope (LAT) on the
Fermi Gamma-ray Space Telescope

Pair production telescope with silicon tracker, CsI 
calorimeter, and segmented anti-coincidence detector

20 MeV to >300 GeV

8000 cm2 area (at 1 GeV)

0.6–0.8 deg radius PSF (1 GeV)

Continuous sky survey mode of operation

Big improvement in area, FOV, and reduction in background 
compared to EGRET

Sky survey started August 4, 2008

(Atwood et al. 2009, ApJ, 697, 1071)

Image  Credit:  NASA

•    Fermi  launched  June  11,  2008.
          Expected  lifeNme:  5-‐10  years.

•    The  Large  Area  Telescope  (LAT)  
          on  board  Fermi:  

            -‐  Pair  producNon  telescope  with  silicon  tracker,
                  calorimeter,  and  segmented  anN-‐coincidence  detector.

            -‐  Energy  range:  20  MeV  to  >  300  GeV.      

            -‐  ConNnuous  sky  survey  mode  of  operaNon,
                  enNre  sky  captured  every  3  hrs,  survey  started
                  August  8,  2008.

            -‐  Big  improvements  in  area,  FOV,  direcNonal  
                  precision,  background  reducNon,  compared  
                  to  precursor  EGRET.

Atwood  et  al.,  
ApJ,  2009
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•      Numbers:
            -‐  About  300  000  volunteers
            -‐  About  50  000  acNve  computers
            -‐  About  200  TFlop/s  sustained  
                  compuNng    power

            -‐  Servers  in  Milwaukee  (USA)  and
                  Hannover  (Germany)
            -‐  Built  upon  BOINC  infrastructure

•      Now:  3  disDnct  searches  for  
            neutron  stars
            -‐  GravitaNonal-‐wave  data    (since  2005)
            -‐  Radio  data                                                    (since  2009)
            -‐  Gamma-‐ray  data                              (since  2011)
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•      Searching  all  100  selected  sources  up  to  1  kHz  (incl.  millisecond-‐pulsar  frequencies):
            ➜  Using  fracDon  of  E@H,  next  to  searches  for  gravitaNonal-‐wave  and  radio  pulsars.
            ➜  Small  input  data  size  perfectly  fits  infrastructure!

•      E@H  compuNng  power  used  this  way  is  
            about  3  Nmes  ATLAS  (based  on  processing  
            rate,  including  2x  redundancy  for  
            validaNon).

•      Expect  further  pulsar  discoveries!

•      Plans:  
            -‐  search  all  remaining  unassociated  
                2FGL  sources  for  young  pulsars  (~500  targets).
            -‐  search  new  catalog  sources  (3FGL  coming  up).
            -‐  search  for  pulsars  in  binary  systems.
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Radio  pulsars:  emission  from  modest  alNtudes  (few  to  tens  of  RNS)  above  polar  cap.

Gamma-‐ray  pulsars:  theoreNcal  modeling  of  magnetosphere,  based  on  observed  pulse  shapes
          (also  combined  radio/gamma-‐ray/X-‐ray).
          ➜  Different  models  expect  different  pulse  paxerns.

•    Three  models  with  locaNons  of  lower  charge  density  
          "gap"  zones  causing  parNcle  acceleraNon  and  radiaNon:
          -‐    polar  cap  (lower  alNtudes)
          -‐    outer  gap,  above  null  charge  surface  to  LC  (higher  alNtudes)
          -‐    slot  gap,  at  rims  of  polar  caps  extend  to  LC  (higher  alNtudes)

•    Enlarged  gamma-‐ray  pulsar  populaNon  helps  to  improve  
          understanding  of  emission  geometry  and  physics.
            ➜  Outer  magnetosphere  models  favored  based  on
                      observed  energy  spectra  of  LAT  pulsars.
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Young,  energeNc,  GalacNc-‐plane  pulsars
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Figure 4. Phase–time diagram and pulse profile for PSR J0106+4855. The left panel shows the pulse phase at the arrival time of each photon, where the gray-scale
intensity represents the photon probability weight. The upper right plot shows the summed probability weights: the integrated pulse profile using a resolution of 32
bins per rotation. The error bars represent the 1σ statistical uncertainties. The four plots below resolve the integrated pulse profile according to separate energy ranges.
For clarity, the horizontal axis shows two pulsar rotations in each diagram. In obtaining these plots the 8000 events with the highest probability weights have been
used (as in the blind search).

Table 2
Measured and Derived Parameters of the Discovered Gamma-Ray Pulsars

Pulsar Name f ḟ Weighted τ Ė BS BLC
(Hz) (−10−13 Hz s−1) H-test (kyr) (1034 erg s−1) (1012 G) (kG)

J0106+4855 12.02540173638(8) 0.61881(7) 843.1 3081.1 2.9 0.2 3.0
J0622+3749 3.00112633651(5) 2.28985(4) 288.8 207.8 2.7 2.9 0.7
J1620–4927 5.81616320951(5) 3.54782(4) 566.4 259.9 8.1 1.4 2.4
J1746–3239 5.01149235750(3) 1.64778(3) 249.8 482.2 3.3 1.2 1.3
J1803–2149 9.4044983174(2) 17.25894(6) 451.9 86.4 64.1 1.5 11.0
J2028+3332 5.65907208453(2) 1.55563(2) 1108.3 576.8 3.5 0.9 1.5
J2030+4415 4.4039248637(5) 1.2576(2) 584.8 555.2 2.2 1.2 1.0
J2111+4606 6.3359340865(4) 57.4218(3) 554.3 17.5 143.6 4.8 11.1
J2139+4716 3.5354509962(2) 0.2232(2) 351.1 2511.5 0.3 0.7 0.3

Notes. The reference epoch for all measured rotational parameters is MJD 55225 and the time range for all timing models is
MJD 54682–55719. The derived quantities in Columns 5–8 are based on the f and ḟ values obtained from the timing model
and are rounded to the nearest significant digit. To model the timing noise present in PSR J1803–2149, a second frequency
derivative is necessary: f̈ = 7.3(8) × 10−24 Hz s−2. To model the timing noise present in PSR J2030+4415, higher frequency
derivatives up to third order are necessary: f̈ = −1.5(3) × 10−23 Hz s−2 and

...
f = −6(2) × 10−31 Hz s−3. To model the

timing noise present in PSR J2111+4606, higher frequency derivatives up to fourth order are necessary: f̈ = 2.30(5) ×
10−22 Hz s−2,

...
f = −7.9(2) × 10−30 Hz s−3, and

....
f = 3.2(4) × 10−37 Hz s−4. The numbers in parentheses are the statistical

1σ errors in the last digits.
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Figure 4. Phase–time diagram and pulse profile for PSR J0106+4855. The left panel shows the pulse phase at the arrival time of each photon, where the gray-scale
intensity represents the photon probability weight. The upper right plot shows the summed probability weights: the integrated pulse profile using a resolution of 32
bins per rotation. The error bars represent the 1σ statistical uncertainties. The four plots below resolve the integrated pulse profile according to separate energy ranges.
For clarity, the horizontal axis shows two pulsar rotations in each diagram. In obtaining these plots the 8000 events with the highest probability weights have been
used (as in the blind search).

Table 2
Measured and Derived Parameters of the Discovered Gamma-Ray Pulsars

Pulsar Name f ḟ Weighted τ Ė BS BLC
(Hz) (−10−13 Hz s−1) H-test (kyr) (1034 erg s−1) (1012 G) (kG)

J0106+4855 12.02540173638(8) 0.61881(7) 843.1 3081.1 2.9 0.2 3.0
J0622+3749 3.00112633651(5) 2.28985(4) 288.8 207.8 2.7 2.9 0.7
J1620–4927 5.81616320951(5) 3.54782(4) 566.4 259.9 8.1 1.4 2.4
J1746–3239 5.01149235750(3) 1.64778(3) 249.8 482.2 3.3 1.2 1.3
J1803–2149 9.4044983174(2) 17.25894(6) 451.9 86.4 64.1 1.5 11.0
J2028+3332 5.65907208453(2) 1.55563(2) 1108.3 576.8 3.5 0.9 1.5
J2030+4415 4.4039248637(5) 1.2576(2) 584.8 555.2 2.2 1.2 1.0
J2111+4606 6.3359340865(4) 57.4218(3) 554.3 17.5 143.6 4.8 11.1
J2139+4716 3.5354509962(2) 0.2232(2) 351.1 2511.5 0.3 0.7 0.3

Notes. The reference epoch for all measured rotational parameters is MJD 55225 and the time range for all timing models is
MJD 54682–55719. The derived quantities in Columns 5–8 are based on the f and ḟ values obtained from the timing model
and are rounded to the nearest significant digit. To model the timing noise present in PSR J1803–2149, a second frequency
derivative is necessary: f̈ = 7.3(8) × 10−24 Hz s−2. To model the timing noise present in PSR J2030+4415, higher frequency
derivatives up to third order are necessary: f̈ = −1.5(3) × 10−23 Hz s−2 and

...
f = −6(2) × 10−31 Hz s−3. To model the

timing noise present in PSR J2111+4606, higher frequency derivatives up to fourth order are necessary: f̈ = 2.30(5) ×
10−22 Hz s−2,

...
f = −7.9(2) × 10−30 Hz s−3, and

....
f = 3.2(4) × 10−37 Hz s−4. The numbers in parentheses are the statistical

1σ errors in the last digits.

8

Older,  less  energeNc  pulsars

Largest  age  and  smallest  surface  
magneDc  field  among  all  
blind-‐search  gamma-‐ray  pulsars!

Frequency  [Hz]

Lowest  spin-‐down  power  
among  all  gamma-‐ray  pulsars!

J1838-0537         6.863015715(4)          218.964(6)              4.97           590.0 

Very  young,  very  energeNc

OO

2nd  youngest,  largest  glitch
among  all  gamma-‐ray  pulsars!

O

Newly  discovered  pulsars
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TABLE 3
PULSE-PROFILE PARAMETERS OF THE DISCOVERED GAMMA-RAY PULSARS

Pulsar Name Peak Multiplicity FWHM1 FWHM2 ∆

J0106+4855 2 0.02 ± 0.01 0.05 ± 0.01 0.50 ± 0.01
J0622+3749 2 0.21 ± 0.04 0.03 ± 0.03 0.47 ± 0.03
J1620–4927 2 0.13 ± 0.04 0.15 ± 0.05 0.21 ± 0.03
J1746–3239 2 0.32 ± 0.07 0.11 ± 0.11 0.63 ± 0.06
J1803–2149 2 0.04 ± 0.02 0.05 ± 0.03 0.40 ± 0.02
J2028+3332 2 0.10 ± 0.02 0.04 ± 0.01 0.38 ± 0.02
J2030+4415 2 0.09 ± 0.03 0.04 ± 0.01 0.49 ± 0.02
J2111+4606 2 0.08 ± 0.02 0.07 ± 0.02 0.31 ± 0.02
J2139+4716 1 0.13 ± 0.03 . . . . . .

NOTE. — For each of the nine pulsars, we give the parameters describing
the shape of the pulse profile, including the peak multiplicity, the full widths at
half maxima (FWHM) of the peaks, and the separation ∆ between the gamma-ray
peaks for pulsars with more than one peak.

TABLE 4
SPECTRAL PARAMETERS OF THE DISCOVERED GAMMA-RAY PULSARS

Pulsar Name Γ Ec F100
a G100

b Lps dps
(GeV) (10−8 photons cm−2 s−1) (10−11 erg cm−2 s−1) (1033 erg s−1) (kpc)

J0106+4855 1.47 ± 0.23 ± 0.12 3.31 ± 0.92 ± 0.08 2.56 ± 0.77 ± 0.32 2.40 ± 0.31 ± 0.04 5.5 1.4c

J0622+3749 0.59 ± 0.34 ± 0.09 0.60 ± 0.13 ± 0.04 2.21 ± 0.35 ± 0.08 1.69 ± 0.15 ± 0.05 5.3 1.6
J1620–4927 1.01 ± 0.18 ± 0.05 2.44 ± 0.42 ± 0.28 9.61 ± 1.68 ± 0.94 13.5 ± 1.0 ± 1.7 9.1 0.7
J1746–3239 1.33 ± 0.08 ± 0.35 1.65 ± 0.12 ± 0.52 9.97 ± 0.94 ± 1.85 7.86 ± 0.41 ± 0.77 5.8 0.8
J1803–2149 1.96 ± 0.11 ± 0.20 5.73 ± 1.72 ± 2.07 20.7 ± 3.1 ± 0.5 13.1 ± 1.1 ± 2.1 25.6 1.3
J2028+3332 0.86 ± 0.21 ± 0.07 1.53 ± 0.24 ± 0.08 5.12 ± 0.87 ± 0.44 6.09 ± 0.41 ± 0.13 6.0 0.9
J2030+4415 1.89 ± 0.14 ± 0.22 2.16 ± 0.65 ± 0.67 13.3 ± 1.4 ± 0.2 7.06 ± 0.48 ± 0.66 4.8 0.7
J2111+4606 1.63 ± 0.14 ± 0.05 5.43 ± 1.80 ± 1.56 4.39 ± 0.69 ± 0.02 4.13 ± 0.34 ± 0.30 38.4 2.7
J2139+4716 0.80 ± 0.27 ± 0.02 1.02 ± 0.21 ± 0.07 2.65 ± 0.44 ± 0.19 2.51 ± 0.21 ± 0.01 1.8 0.8

NOTE. — This table describes the spectral properties of each of the nine pulsars, modeling each spectrum as an exponentially cutoff
power law with photon indices Γ and cutoff energies Ec. The spectral parameters listed here for each pulsar are obtained from maximum
likelihood fits. The first quoted uncertainties are statistical, while the second are systematic and correspond to the differences in the
best-fit parameters observed when doing the spectral analyses with the P6_V3 IRFs and associated diffuse emission models (namely,
the gll_iem_v02 map cube and isotropic_iem_v02 template). For each object, the pseudo-gamma-ray luminosity Lps and the pseudo-
distance dps are inferred from the apparent spin-down power Ė and the energy flux G100 above 100 MeV. Note that these estimated gamma-
ray luminosities and distances are subject to a number of caveats, detailed in Saz Parkinson et al. (2010), and could differ significantly
from the actual values.
a Photon flux measured above 100 MeV.
b Energy flux measured above 100 MeV.
c The actual distance is 3.0 kpc, as inferred from the dispersion of the radio pulse measuring the free electron column density; see Section 6.1.

TABLE 5
DEFINITION OF RADIO OBSERVING CODES

Obs Code Telescope Gain Frequency Bandwidth ∆F βa np HWHM Trec
(K Jy−1) (MHz) (MHz) (arcmin) (K)

GBT-350 GBT 2.0 350 100 1.05 2 18.5 46
GBT-820 GBT 2.0 820 200 1.05 2 7.9 29
GBT-S GBT 1.9 2000 700b 1.05 2 3.1 22
Eff-L1 Effelsberg 1.5 1400 250 1.05 2 9.1 22
Eff-L2 Effelsberg 1.5 1400 140 1.05 2 9.1 22
Jodrell Lovell 0.9 1520 200 1.05 2 6.0 24
AO-327 Arecibo 11 327 25 1.12 2 6.3 116
AO-Lwide Arecibo 10 1510 300 1.12 2 1.5 27
Parkes-BPSR Parkes 0.735 1352 340 1.05 2 7.0 25

NOTE. — The sky locations of all nine pulsars have been searched for pulsating radio emis-
sions. This table gives the radio telescope and back-end parameters used in those observations,
which are described in Table 6.
a Instrument-dependent sensitivity degradation factor.
b The instrument records 800 MHz of bandwidth, but to account for a notch filter for RFI and
the lower sensitivity near the band edges, we use an effective bandwidth of 700 MHz for the
sensitivity calculations.
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PULSE-PROFILE PARAMETERS OF THE DISCOVERED GAMMA-RAY PULSARS

Pulsar Name Peak Multiplicity FWHM1 FWHM2 ∆
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J2111+4606 2 0.08 ± 0.02 0.07 ± 0.02 0.31 ± 0.02
J2139+4716 1 0.13 ± 0.03 . . . . . .

NOTE. — For each of the nine pulsars, we give the parameters describing
the shape of the pulse profile, including the peak multiplicity, the full widths at
half maxima (FWHM) of the peaks, and the separation ∆ between the gamma-ray
peaks for pulsars with more than one peak.

TABLE 4
SPECTRAL PARAMETERS OF THE DISCOVERED GAMMA-RAY PULSARS

Pulsar Name Γ Ec F100
a G100

b Lps dps
(GeV) (10−8 photons cm−2 s−1) (10−11 erg cm−2 s−1) (1033 erg s−1) (kpc)

J0106+4855 1.47 ± 0.23 ± 0.12 3.31 ± 0.92 ± 0.08 2.56 ± 0.77 ± 0.32 2.40 ± 0.31 ± 0.04 5.5 1.4c

J0622+3749 0.59 ± 0.34 ± 0.09 0.60 ± 0.13 ± 0.04 2.21 ± 0.35 ± 0.08 1.69 ± 0.15 ± 0.05 5.3 1.6
J1620–4927 1.01 ± 0.18 ± 0.05 2.44 ± 0.42 ± 0.28 9.61 ± 1.68 ± 0.94 13.5 ± 1.0 ± 1.7 9.1 0.7
J1746–3239 1.33 ± 0.08 ± 0.35 1.65 ± 0.12 ± 0.52 9.97 ± 0.94 ± 1.85 7.86 ± 0.41 ± 0.77 5.8 0.8
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J2028+3332 0.86 ± 0.21 ± 0.07 1.53 ± 0.24 ± 0.08 5.12 ± 0.87 ± 0.44 6.09 ± 0.41 ± 0.13 6.0 0.9
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J2139+4716 0.80 ± 0.27 ± 0.02 1.02 ± 0.21 ± 0.07 2.65 ± 0.44 ± 0.19 2.51 ± 0.21 ± 0.01 1.8 0.8

NOTE. — This table describes the spectral properties of each of the nine pulsars, modeling each spectrum as an exponentially cutoff
power law with photon indices Γ and cutoff energies Ec. The spectral parameters listed here for each pulsar are obtained from maximum
likelihood fits. The first quoted uncertainties are statistical, while the second are systematic and correspond to the differences in the
best-fit parameters observed when doing the spectral analyses with the P6_V3 IRFs and associated diffuse emission models (namely,
the gll_iem_v02 map cube and isotropic_iem_v02 template). For each object, the pseudo-gamma-ray luminosity Lps and the pseudo-
distance dps are inferred from the apparent spin-down power Ė and the energy flux G100 above 100 MeV. Note that these estimated gamma-
ray luminosities and distances are subject to a number of caveats, detailed in Saz Parkinson et al. (2010), and could differ significantly
from the actual values.
a Photon flux measured above 100 MeV.
b Energy flux measured above 100 MeV.
c The actual distance is 3.0 kpc, as inferred from the dispersion of the radio pulse measuring the free electron column density; see Section 6.1.

TABLE 5
DEFINITION OF RADIO OBSERVING CODES

Obs Code Telescope Gain Frequency Bandwidth ∆F βa np HWHM Trec
(K Jy−1) (MHz) (MHz) (arcmin) (K)

GBT-350 GBT 2.0 350 100 1.05 2 18.5 46
GBT-820 GBT 2.0 820 200 1.05 2 7.9 29
GBT-S GBT 1.9 2000 700b 1.05 2 3.1 22
Eff-L1 Effelsberg 1.5 1400 250 1.05 2 9.1 22
Eff-L2 Effelsberg 1.5 1400 140 1.05 2 9.1 22
Jodrell Lovell 0.9 1520 200 1.05 2 6.0 24
AO-327 Arecibo 11 327 25 1.12 2 6.3 116
AO-Lwide Arecibo 10 1510 300 1.12 2 1.5 27
Parkes-BPSR Parkes 0.735 1352 340 1.05 2 7.0 25

NOTE. — The sky locations of all nine pulsars have been searched for pulsating radio emis-
sions. This table gives the radio telescope and back-end parameters used in those observations,
which are described in Table 6.
a Instrument-dependent sensitivity degradation factor.
b The instrument records 800 MHz of bandwidth, but to account for a notch filter for RFI and
the lower sensitivity near the band edges, we use an effective bandwidth of 700 MHz for the
sensitivity calculations.

Abdo  et  al.,  ApJS  187,  2010

•    Given  energy  flux  G100,  assume        
          pseudo  gamma-‐ray  luminosity,        
          esNmate  distance  d from

        
          with  geometrical  factor  set  to  1.

➜    "Pseudo  distances"  :
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timing noise. In turn, this requires including higher-order
frequency-derivative terms to make a good timing model fit;
in this case up to the fourth derivative of the frequency as
shown in Table 2. For the same reason, the timing models in
Table 2 for PSRs J2030+4415 and J1803–2149 include terms
up to the third and the second frequency derivative, respec-
tively.

Based on these timing solutions, Figures 4–12 show the
resulting phase time diagrams and pulse profiles for each of
the newly discovered pulsars. These plots are obtained from
calculating the phase for each of the 8000 photons selected
for the blind search and using the parameters listed in Ta-
bles 1 and 2, and weighting each event by its probability of
originating from the pulsar wj. The integrated pulse profiles
(weighted pulse phase histograms) are constructed with a res-
olution of 32 bins in phase per rotation. The 1σ error bars in
the integrated pulse profiles are statistical only and are given
by (

�
j w2

j )1/2, where j runs over all events falling into the
same phase bin. (Note that the formula for the fractional er-
ror has the opposite sign of the exponential: -1/2.)

As seen in Figures 4–12, eight of the nine pulsars have pulse
profiles with two peaks. For pulsars where the two peaks
are separated by nearly one-half of a rotation it is possible
to detect or discover the pulsar at the second harmonic (i.e.,
at twice the actual spin frequency of the pulsar). For pulsar
candidates which were discovered with (apparently) single-
peaked profiles, we tested for the true fundamental spin fre-
quency by folding at the subharmonic of the discovery fre-
quency. If the subharmonic is the correct frequency, the two
resulting peaks may satisfy one or more of the following con-
ditions: offsets that are measurably different than 0.5 in phase,
significant differences in the integrated weighted counts un-
der each peak, or significant differences in the shape of the
peaks in different energy bands. With modest signal-to-noise
ratios, such determinations are not always conclusive. For
PSR J0106+4855, our identification of the true period was
subsequently confirmed by the detection of radio pulsations
with a single peaked profile. For the one apparently single-
peaked pulsar in our sample, PSR J2139+4716, none of the
above tests yield strong evidence for the profile being double
peaked at half the frequency. Additional data will be required
to strengthen this conclusion.

In order to further characterize each pulse profile, we fit the
pulsars’ weighted gamma-ray peaks to Lorentzian lines. The
derived pulse shape parameters are listed in Table 3. Note that
PSRs J0622+3749 and J1746–3239 show indications of sub-
structures in their main gamma-ray peak. For these pulsars
a single Lorentzian line function is used for fitting the main
component. Apart from PSR J0106+4855, which is detected
at radio wavelengths (cf. Figure 13), there is no particular
reference for absolute phase of these pulsars. For the other
eight pulsars we have arbitrarily assigned the absolute phase
reference such that the first peak occurs at a value of 0.1 in
phase. The gamma-ray pulse profiles shown in Figures 4–12
along with the pulse-profile parameters listed in Table 3 are
very similar to those of the previously discovered gamma-ray
pulsars in blind searches (Abdo et al. 2009a; Saz Parkinson
et al. 2010; Abdo et al. 2010c), further supporting the theory
that the gamma-ray emission consists of fan beams produced
in the outer magnetosphere.

5.3. Spectral Parameters

The spectral parameters for the new pulsars are obtained
by fitting each phase-averaged spectrum with an exponen-
tially cutoff power law with a photon index Γ and a cutoff
energy Ec. The results for each pulsar are listed in Table 4. In
addition to Γ and Ec which are explicit parameters of the fit,
Table 4 also gives the important derived physical quantities of
photon flux F100 (in units of photons cm−2 s−1) and the energy
flux G100 (in units of erg cm−2 s−1) for events with energies
between 100 MeV and 100 GeV.

Analogous to the pulse-profile properties, Γ and Ec mea-
sured for the new pulsars are also similar to those observed for
previously detected gamma-ray pulsars (Abdo et al. 2010c).
This is not surprising, because (as described in Section 2) tar-
get sources for our search have been selected based on similar-
ity of their spectral properties to known gamma-ray pulsars.

The distance (3 kpc) for one of the new pulsars
(PSR J0106+4855) can be inferred based on the dispersion
of the radio pulse measuring the free electron column density
(see Section 6.1 for details). As the remaining eight pulsars
are radio-quiet, this method cannot be used to estimate their
distance. Furthermore, none of the pulsars is associated with
a known SNR, preventing us from deriving distance estimates
from such source associations.

However, it is still possible to obtain a crude estimate of the
distance to the new pulsars, by exploiting the observed corre-
lation between the gamma-ray luminosity Lγ and the spin-
down power Ė for other gamma-ray pulsars with distance
measures (cf. Abdo et al. 2010c). Based on this correlation
“pseudo gamma-ray luminosities” Lps are derived as

Lps ∼ 3.2×1033(Ė/1034 erg s−1)1/2 erg s−1, (12)

where the Ė values are obtained from Table 2. Assuming a
geometrical correction factor fΩ = 1 for the emission cone
(Watters et al. 2009) for all gamma-ray pulsars, the rela-
tion Lγ = 4π fΩ G100 d2 is used to convert the energy flux and
pseudo gamma-ray luminosity into a “pseudo distance” dps,
following Equation (2) of Saz Parkinson et al. (2010):

dps ∼ 1.6
�
Ė/1034 erg s−1

�1/4

�
G100/10−11 erg cm−2 s−1

�1/2 kpc. (13)

For each of the new pulsars the resulting values for Lps and dps
are shown in Table 4. Note that these estimated gamma-ray
luminosities and distances are subject to a number of caveats,
detailed in Saz Parkinson et al. (2010), and could differ sig-
nificantly from the actual values.

5.4. Why Were the New Pulsars not Found in Previous Blind
Searches?

To examine whether the nine pulsars found with this new
method could be detected with previous methods, we apply
the same search method (Atwood et al. 2006; Ziegler et al.
2008) used to successfully discover the 26 previously found
blind-search LAT gamma-ray pulsars (Abdo et al. 2009a; Saz
Parkinson et al. 2010, 2011). We select input data as done in
previous searches; events are selected based on a fixed ROI
and minimum-energy cut as described in Saz Parkinson et al.
(2010). We use the same coherence window size (T = 219s)
as in the previous (and in the first stage of this paper’s search
) search. No photon weights are computed or used. No sky-
gridding is done in the first stage of the search: only the 2FGL
catalog sky position is used.

Actual  distance
is  3  kpc  from  
radio  detecNon!

•    Observed  correlaDon  gives  rise  to
          "pseudo"  gamma-‐ray  luminosiDes:
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timing noise. In turn, this requires including higher-order
frequency-derivative terms to make a good timing model fit;
in this case up to the fourth derivative of the frequency as
shown in Table 2. For the same reason, the timing models in
Table 2 for PSRs J2030+4415 and J1803–2149 include terms
up to the third and the second frequency derivative, respec-
tively.

Based on these timing solutions, Figures 4–12 show the
resulting phase time diagrams and pulse profiles for each of
the newly discovered pulsars. These plots are obtained from
calculating the phase for each of the 8000 photons selected
for the blind search and using the parameters listed in Ta-
bles 1 and 2, and weighting each event by its probability of
originating from the pulsar wj. The integrated pulse profiles
(weighted pulse phase histograms) are constructed with a res-
olution of 32 bins in phase per rotation. The 1σ error bars in
the integrated pulse profiles are statistical only and are given
by (

�
j w2

j )1/2, where j runs over all events falling into the
same phase bin. (Note that the formula for the fractional er-
ror has the opposite sign of the exponential: -1/2.)

As seen in Figures 4–12, eight of the nine pulsars have pulse
profiles with two peaks. For pulsars where the two peaks
are separated by nearly one-half of a rotation it is possible
to detect or discover the pulsar at the second harmonic (i.e.,
at twice the actual spin frequency of the pulsar). For pulsar
candidates which were discovered with (apparently) single-
peaked profiles, we tested for the true fundamental spin fre-
quency by folding at the subharmonic of the discovery fre-
quency. If the subharmonic is the correct frequency, the two
resulting peaks may satisfy one or more of the following con-
ditions: offsets that are measurably different than 0.5 in phase,
significant differences in the integrated weighted counts un-
der each peak, or significant differences in the shape of the
peaks in different energy bands. With modest signal-to-noise
ratios, such determinations are not always conclusive. For
PSR J0106+4855, our identification of the true period was
subsequently confirmed by the detection of radio pulsations
with a single peaked profile. For the one apparently single-
peaked pulsar in our sample, PSR J2139+4716, none of the
above tests yield strong evidence for the profile being double
peaked at half the frequency. Additional data will be required
to strengthen this conclusion.

In order to further characterize each pulse profile, we fit the
pulsars’ weighted gamma-ray peaks to Lorentzian lines. The
derived pulse shape parameters are listed in Table 3. Note that
PSRs J0622+3749 and J1746–3239 show indications of sub-
structures in their main gamma-ray peak. For these pulsars
a single Lorentzian line function is used for fitting the main
component. Apart from PSR J0106+4855, which is detected
at radio wavelengths (cf. Figure 13), there is no particular
reference for absolute phase of these pulsars. For the other
eight pulsars we have arbitrarily assigned the absolute phase
reference such that the first peak occurs at a value of 0.1 in
phase. The gamma-ray pulse profiles shown in Figures 4–12
along with the pulse-profile parameters listed in Table 3 are
very similar to those of the previously discovered gamma-ray
pulsars in blind searches (Abdo et al. 2009a; Saz Parkinson
et al. 2010; Abdo et al. 2010c), further supporting the theory
that the gamma-ray emission consists of fan beams produced
in the outer magnetosphere.

5.3. Spectral Parameters

The spectral parameters for the new pulsars are obtained
by fitting each phase-averaged spectrum with an exponen-
tially cutoff power law with a photon index Γ and a cutoff
energy Ec. The results for each pulsar are listed in Table 4. In
addition to Γ and Ec which are explicit parameters of the fit,
Table 4 also gives the important derived physical quantities of
photon flux F100 (in units of photons cm−2 s−1) and the energy
flux G100 (in units of erg cm−2 s−1) for events with energies
between 100 MeV and 100 GeV.

Analogous to the pulse-profile properties, Γ and Ec mea-
sured for the new pulsars are also similar to those observed for
previously detected gamma-ray pulsars (Abdo et al. 2010c).
This is not surprising, because (as described in Section 2) tar-
get sources for our search have been selected based on similar-
ity of their spectral properties to known gamma-ray pulsars.

The distance (3 kpc) for one of the new pulsars
(PSR J0106+4855) can be inferred based on the dispersion
of the radio pulse measuring the free electron column density
(see Section 6.1 for details). As the remaining eight pulsars
are radio-quiet, this method cannot be used to estimate their
distance. Furthermore, none of the pulsars is associated with
a known SNR, preventing us from deriving distance estimates
from such source associations.

However, it is still possible to obtain a crude estimate of the
distance to the new pulsars, by exploiting the observed corre-
lation between the gamma-ray luminosity Lγ and the spin-
down power Ė for other gamma-ray pulsars with distance
measures (cf. Abdo et al. 2010c). Based on this correlation
“pseudo gamma-ray luminosities” Lps are derived as

Lps ∼ 3.2×1033(Ė/1034 erg s−1)1/2 erg s−1, (12)

where the Ė values are obtained from Table 2. Assuming a
geometrical correction factor fΩ = 1 for the emission cone
(Watters et al. 2009) for all gamma-ray pulsars, the rela-
tion Lγ = 4π fΩ G100 d2 is used to convert the energy flux and
pseudo gamma-ray luminosity into a “pseudo distance” dps,
following Equation (2) of Saz Parkinson et al. (2010):

dps ∼ 1.6
�
Ė/1034 erg s−1

�1/4

�
G100/10−11 erg cm−2 s−1

�1/2 kpc. (13)

For each of the new pulsars the resulting values for Lps and dps
are shown in Table 4. Note that these estimated gamma-ray
luminosities and distances are subject to a number of caveats,
detailed in Saz Parkinson et al. (2010), and could differ sig-
nificantly from the actual values.

5.4. Why Were the New Pulsars not Found in Previous Blind
Searches?

To examine whether the nine pulsars found with this new
method could be detected with previous methods, we apply
the same search method (Atwood et al. 2006; Ziegler et al.
2008) used to successfully discover the 26 previously found
blind-search LAT gamma-ray pulsars (Abdo et al. 2009a; Saz
Parkinson et al. 2010, 2011). We select input data as done in
previous searches; events are selected based on a fixed ROI
and minimum-energy cut as described in Saz Parkinson et al.
(2010). We use the same coherence window size (T = 219s)
as in the previous (and in the first stage of this paper’s search
) search. No photon weights are computed or used. No sky-
gridding is done in the first stage of the search: only the 2FGL
catalog sky position is used.
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ATLAS  compuDng  facility
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•      May  2011:  Started  search  on  
            ATLAS  cluster  at  AEI  Hannover.

•      1680  nodes,  6720  CPU-‐cores,  
            8  GB  random-‐access  memory,  
            allowed  256-‐Hz  heterodyning  
            frequency  bandwidth.

•      Most  compuNng  power  really  only  
            needed  to  cover  ms  spin  frequencies    
            (up  to  1kHz).  

            If  searched  only  up  to  64  Hz  (as  previously):  
            first  pulsar  discovery  within  1.4  CPU  days  
            on  a  single  core!

•      With  ATLAS:  scanned  most  sources  up  to  
            about  400  Hz  within  a  few  months.
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•    Fully  coherent  detecDon  staDsDc:

•    For  every  semi-‐coherent  candidate,  P  computed  on  refined  grid  
          (where  γ=1  and  T➝Tdata)  covering  4  grid  intervals  of  the  original  semi-‐coherent  grid.

•    Narrow  parameter-‐space  region  plus  sparsity  of  photon  data  allow  
          direct  computaNon  of  P    (no  FFTs  used).

•    If  P  of  candidate  staNsNcally  significant,  then  further  refinement  in  3.  stage.

Stage  2:  Coherent  Follow-‐up

50

4 PLETSCH ET AL.

To understand how to compute S efficiently, one can ex-
plicitly evaluate Equation (2). Completing the squares in the
product of the Gaussians and carrying out the integration over
τ , one obtains

S =
N�

j=1

N�

k=1

wjwke−i[Φ(t j)−Φ(tk)]e−π(t j−tk)2/T 2
−

N�

j=1

w2
j . (3)

Here the effective duration of the Gaussian window is�
e−πτ 2/T 2

dτ = T . In practice, to compute the semi-coherent
power efficiently, we replace the Gaussian window in Equa-
tion (3) with a rectangular window of the same duration T , as
given below in Equation (5). In this search, the width of the
rectangular window is T = 219 s (≈ 6 days).

The template grid in parameter space is the Cartesian prod-
uct of a rectangular two-dimensional grid in ( f , ḟ ) and a sky
grid which has constant density when orthogonally projected
onto the ecliptic plane. The problem of constructing effi-
cient search grids has been intensively studied in the context
of gravitational wave searches (see, e.g., Brady et al. 1998;
Brady & Creighton 2000; Prix 2007; Pletsch & Allen 2009;
Pletsch 2010) and we employ these concepts here. The values
of frequency are equally spaced, separated by the fast Fourier
Transform (FFT) frequency-bin width ∆ f = 1/T . In prac-
tice, to reduce the fractional loss in S for frequencies not co-
inciding with Fourier frequencies, we use a computationally
efficient interpolation, referred to as “interbinning” (Ransom
et al. 2002). The spacing in the other three dimensions is de-
termined by a metric which measures the fractional loss in
the expected value of S that arises if the signal is not located
exactly at a grid point (Balasubramanian et al. 1996; Owen
1996; Prix 2007). In spin-down ḟ , we use a uniform grid
spacing ∆ ḟ =

√
720m/πγT 2. In this search m = 0.3 is the

maximum tolerable fractional loss in S, and from Pletsch &
Allen (2009),

γ2 = 1 + 60
N

N�

j=1

�
t j − t̄

�2

T 2 , (4)

where t̄ =
�

j t j/N is the mean photon arrival time. The de-
scription of this grid can be found in Pletsch & Allen (2009)
with a detailed derivation in Pletsch (2010). The grid in the
sky is determined by the same metric, permitting a maxi-
mum fractional loss m in the value of S. The spacing of the
sky grid is determined by the Doppler shift arising from the
Earth’s (more precisely, the Fermi satellite’s) motion around
the Sun. At the north Ecliptic pole the angular spacing is
∆θ =

√
2mc/π f D, where c is the speed of light and D is a

baseline distance (defined below). When the entire sky grid
is projected into the plane of the ecliptic, the grid points are
uniformly spaced on the plane (Astone et al. 2002; Abbott
et al. 2009a,b). This angular spacing is similar to the an-
gular spacing in the diffraction pattern of a two-slit system,
where the wavelength is c/ f and the separation of the two
slits is the straight-line distance D between two points on the
Earth’s orbit about the Sun. If the coherent integration time T
is less than half a year, then D = (998s)c sin(πT/1yr). If the
coherent integration time T is greater than half a year, then
D = (998s)c is the diameter of the Earth’s orbit about the Sun.

To compute S efficiently, a time series is constructed and
subsequently Fourier-transformed into the frequency domain.
The time series contains T ∆ fBW bins, where ∆ fBW is the total

frequency bandwidth being searched at a time using complex
heterodyning29 at the center of ∆ fBW (see, e.g., Patel et al.
2010). The time series is initialized to zero, then the values
of wj wk e−iπ ḟ (t2

j −t2
k ) are added into the bins determined by the

time differences ∆t jk = t j − tk, for all pairs of photons j,k for
which 0 < |∆t jk| ≤ T ; the bin index is obtained by round-
ing the absolute value of the product ∆ fBW ∆t jk to its nearest
integer value.

Then the array is Fourier-transformed into the frequency
domain (exploiting the FFT) to obtain S over the entire f grid.
Up to an overall window-dependent normalization, one can
write for given values of f , ḟ and sky position,

S =
N�

j,k=1

Q(|∆t jk|/T ) wj wk e−2πi f∆t jk−iπ ḟ (t2
j −t2

k ), (5)

where the rectangular function Q(x) is unity if 0 < x ≤ 1 and
vanishes otherwise30.

Although other aspects are different, the use of an FFT ap-
plied to time differences is very similar to techniques previ-
ously used in blind searches of Fermi-LAT data (Atwood et al.
2006, Equation (3) therein has a typo which is corrected in
Equation (2) of Ziegler et al. (2008)). The method used in
Atwood et al. (2006) was the first application of this classic
method (e.g., Blackman & Tukey 1958) to gamma-ray astron-
omy (in estimating the power spectrum an approximate auto-
covariance function is calculated using a maximum lag, and
then Fourier-transformed).

In contrast to previous searches, our method uses an optimal
gridding of the parameter space for both the semi-coherent
and coherent stages, as well as an automated follow-up, and
incorporates the spin-down corrections in a way that permits
heterodyning and highly efficient code.

The search was done on the 1680-node Atlas Computing
Cluster (Aulbert & Fehrmann 2008) built around four-core
processors with 8 GB of random-access memory; for these
we used a heterodyning bandwidth ∆ fBW = 256 Hz. Breaking
the full frequency range of the search into frequency bands
allows the computation to fit into memory, and also allows the
use of different sky grids in each band. This further reduced
the computational cost, since the number of required sky grid
points increases with the square of frequency.

After computing S on the four-dimensional grid in param-
eter space, points with statistically significant values of S are
candidates for possible pulsar signals, and are followed up in
a second stage. This is done by “refining the grid” and in-
creasing the coherent integration time. This is a hierarchical
scheme which is analogous to “zooming”: successively swap-
ping microscope objectives for ones of higher magnification,
then re-centering the interesting point on the slide (see, e.g.,
Cutler et al. 2005; Krishnan et al. 2004). In our case, this is
done by constructing the fully coherent detection statistic P
over the entire data set (or equivalently taking the Gaussian
window-size T →∞ in Equation (1)) obtaining

P =
1
κ2

����
N�

j=1

wj e−iΦ(t j)
����
2

, (6)

29 Complex heterodyning is a procedure which shifts frequencies in time-
series data by a fixed offset fh. This is accomplished by multiplying the time
series by e−2π fht j , shifting all frequencies by fh.

30 Note that by symmetry S is real, because interchanging indices j and k
is equivalent to complex conjugating the exponential factor.
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(a) (b)

FIG. 1.— Search results for the newly discovered pulsar PSR J1620–4927 (the large black dot in the lower left of each panel). The left panel (a) shows the
semi-coherent search results, representing about 2 CPU years of computing on a single core. (Since the computing cost scales as the square of frequency, a search
up to 64 Hz as in previous searches (Abdo et al. 2009a; Saz Parkinson et al. 2010) would have taken about 1.4 CPU days on a single core.) The bottom left panel
shows the semi-coherent detection statistic S as a function of f and ḟ , maximized over the sky grid. The value of S is represented by the color bar. A further
maximization over f is shown to the right; a further maximization over ḟ is shown above. PSR J1620–4927, the darkest point near the bottom left of each figure,
stands out clearly from the noise. In the same form, the right panel (b) presents the fully coherent follow-up search results of the previous candidate (and every
other candidate “dot”) shown in the left panel. The quantity plotted is now the fully coherent detection statistic P over the entire data set. As explained in the
text, for each candidate this covers a region of parameter space which is four steps of the semi-coherent grid in each dimension.

where for convenience we have normalized by the positive
constant κ given by

κ2 =
1
2

N�

j=1

w
2
j
. (7)

The computing cost to coherently follow up a single candidate
is negligible in comparison to the cost of the previous semi-
coherent search.

In selecting statistically significant semi-coherent candi-
dates which are automatically followed up in the second stage
using a fully coherent analysis, we do not use a fixed thresh-
old to define “statistical significance”. In the semi-coherent
stage, the search code keeps an internal list of the strongest
signal candidates. Each member of this list is coherently fol-
lowed up and corresponds to the largest value of S detected in
eight adjacent spin-down values for the entire heterodyning
frequency bandwidth and a single sky point.

The refined grid of the fully coherent follow-up covers a
region of parameter space of size (4∆ f )× (4∆ ḟ )× (4∆θ×
4∆θ) when projected into the ecliptic plane. In other words,
it covers a region whose volume is 256 times larger than the
volume of a fundamental cell in the original grid: its extent in
each dimension of parameter space is four grid intervals. The
refined grid has a spacing given by the previous formulae for
∆ f , ∆ ḟ , and ∆θ, except that the coherence time T is set equal
to the length of the entire data set, and γ = 1. Since in this case
only a small parameter-space region around the candidate is
explored, it is computationally efficient to compute P directly
in the time domain (FFTs are not used), exploiting the sparsity
of the photon data.

If the value of P, which measures the fully coherent power
(in a single harmonic), is statistically significant, then in a
third stage further refinement is carried out using higher har-
monics (Fourier components). We adopt the so-called H-test,

which has been widely used in X-ray and gamma-ray pulsar
detection (de Jager et al. 1989; de Jager & Büsching 2010).
This test measures the statistical significance of the energy in
the first 20 (non-DC) Fourier components of the pulse pro-
file as a function of phase. As in Equation (1), the H-test can
also be modified to include the photon probability weights wj

(see Kerr 2011a). Note that Equation (5) in Kerr (2011a) con-
tains an error; corrected formulae used in this work are given
below.

The weighted H-test statistic is defined as follows. For each
photon arrival time t j, the pulse phase x j (between zero and
one) is calculated as x j =

�
Φ(t j) mod 2π

�
/2π. The pulse pro-

file (for 0 ≤ x < 1) is a sum over the photons

p(x) =
N�

j=1

wj δ(x − x j), (8)

where x j is the pulse phase of the jth photon and δ(x) is a
one-dimensional Dirac delta-function. It can be expressed as
a Fourier series

p(x) = κ
∞�

�=−∞
α� e2πi�x, (9)

which implies that the (complex) Fourier coefficients α� are
given by

α� =
1
κ

N�

j=1

wj e−2πi�xj , (10)

where the definition of κ is identical to Equation (7). The
normalization of the Fourier coefficients has been chosen so
that if the photon arrival times are uniformly distributed, inde-
pendent random variables, then in the limit of the large num-
bers of photons, for � > 0, �(α�) and �(α�) are independent
Gaussian random variables with zero mean and unit variance.

with  normalizaNon:
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Stage  3:  Including  Higher  Harmonics
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•    Measure  staNsNcal  significance  of  energy  in  first  20  (non-‐DC)  
          Fourier  components  (harmonics)  of  pulse  profile  as  funcNon  of  phase.
          ➜  Exact  profile  unknown,  so  maximize  over  different  #  of  harmonics.

•    Adapted  the  so-‐called  H-‐test  (a  version  including  photon  weights):

•    Further  grid  refinement  in  each  dimension  (roughly  by  number  of  max.  harmonics).
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(a) (b)

FIG. 1.— Search results for the newly discovered pulsar PSR J1620–4927 (the large black dot in the lower left of each panel). The left panel (a) shows the
semi-coherent search results, representing about 2 CPU years of computing on a single core. (Since the computing cost scales as the square of frequency, a search
up to 64 Hz as in previous searches (Abdo et al. 2009a; Saz Parkinson et al. 2010) would have taken about 1.4 CPU days on a single core.) The bottom left panel
shows the semi-coherent detection statistic S as a function of f and ḟ , maximized over the sky grid. The value of S is represented by the color bar. A further
maximization over f is shown to the right; a further maximization over ḟ is shown above. PSR J1620–4927, the darkest point near the bottom left of each figure,
stands out clearly from the noise. In the same form, the right panel (b) presents the fully coherent follow-up search results of the previous candidate (and every
other candidate “dot”) shown in the left panel. The quantity plotted is now the fully coherent detection statistic P over the entire data set. As explained in the
text, for each candidate this covers a region of parameter space which is four steps of the semi-coherent grid in each dimension.

where for convenience we have normalized by the positive
constant κ given by

κ2 =
1
2

N�

j=1

w
2
j
. (7)

The computing cost to coherently follow up a single candidate
is negligible in comparison to the cost of the previous semi-
coherent search.

In selecting statistically significant semi-coherent candi-
dates which are automatically followed up in the second stage
using a fully coherent analysis, we do not use a fixed thresh-
old to define “statistical significance”. In the semi-coherent
stage, the search code keeps an internal list of the strongest
signal candidates. Each member of this list is coherently fol-
lowed up and corresponds to the largest value of S detected in
eight adjacent spin-down values for the entire heterodyning
frequency bandwidth and a single sky point.

The refined grid of the fully coherent follow-up covers a
region of parameter space of size (4∆ f )× (4∆ ḟ )× (4∆θ×
4∆θ) when projected into the ecliptic plane. In other words,
it covers a region whose volume is 256 times larger than the
volume of a fundamental cell in the original grid: its extent in
each dimension of parameter space is four grid intervals. The
refined grid has a spacing given by the previous formulae for
∆ f , ∆ ḟ , and ∆θ, except that the coherence time T is set equal
to the length of the entire data set, and γ = 1. Since in this case
only a small parameter-space region around the candidate is
explored, it is computationally efficient to compute P directly
in the time domain (FFTs are not used), exploiting the sparsity
of the photon data.

If the value of P, which measures the fully coherent power
(in a single harmonic), is statistically significant, then in a
third stage further refinement is carried out using higher har-
monics (Fourier components). We adopt the so-called H-test,

which has been widely used in X-ray and gamma-ray pulsar
detection (de Jager et al. 1989; de Jager & Büsching 2010).
This test measures the statistical significance of the energy in
the first 20 (non-DC) Fourier components of the pulse pro-
file as a function of phase. As in Equation (1), the H-test can
also be modified to include the photon probability weights wj

(see Kerr 2011a). Note that Equation (5) in Kerr (2011a) con-
tains an error; corrected formulae used in this work are given
below.

The weighted H-test statistic is defined as follows. For each
photon arrival time t j, the pulse phase x j (between zero and
one) is calculated as x j =

�
Φ(t j) mod 2π

�
/2π. The pulse pro-

file (for 0 ≤ x < 1) is a sum over the photons

p(x) =
N�

j=1

wj δ(x − x j), (8)

where x j is the pulse phase of the jth photon and δ(x) is a
one-dimensional Dirac delta-function. It can be expressed as
a Fourier series

p(x) = κ
∞�

�=−∞
α� e2πi�x, (9)

which implies that the (complex) Fourier coefficients α� are
given by

α� =
1
κ

N�

j=1

wj e−2πi�xj , (10)

where the definition of κ is identical to Equation (7). The
normalization of the Fourier coefficients has been chosen so
that if the photon arrival times are uniformly distributed, inde-
pendent random variables, then in the limit of the large num-
bers of photons, for � > 0, �(α�) and �(α�) are independent
Gaussian random variables with zero mean and unit variance.
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FIG. 1.— Search results for the newly discovered pulsar PSR J1620–4927 (the large black dot in the lower left of each panel). The left panel (a) shows the
semi-coherent search results, representing about 2 CPU years of computing on a single core. (Since the computing cost scales as the square of frequency, a search
up to 64 Hz as in previous searches (Abdo et al. 2009a; Saz Parkinson et al. 2010) would have taken about 1.4 CPU days on a single core.) The bottom left panel
shows the semi-coherent detection statistic S as a function of f and ḟ , maximized over the sky grid. The value of S is represented by the color bar. A further
maximization over f is shown to the right; a further maximization over ḟ is shown above. PSR J1620–4927, the darkest point near the bottom left of each figure,
stands out clearly from the noise. In the same form, the right panel (b) presents the fully coherent follow-up search results of the previous candidate (and every
other candidate “dot”) shown in the left panel. The quantity plotted is now the fully coherent detection statistic P over the entire data set. As explained in the
text, for each candidate this covers a region of parameter space which is four steps of the semi-coherent grid in each dimension.

where for convenience we have normalized by the positive
constant κ given by

κ2 =
1
2

N�

j=1

w
2
j
. (7)

The computing cost to coherently follow up a single candidate
is negligible in comparison to the cost of the previous semi-
coherent search.

In selecting statistically significant semi-coherent candi-
dates which are automatically followed up in the second stage
using a fully coherent analysis, we do not use a fixed thresh-
old to define “statistical significance”. In the semi-coherent
stage, the search code keeps an internal list of the strongest
signal candidates. Each member of this list is coherently fol-
lowed up and corresponds to the largest value of S detected in
eight adjacent spin-down values for the entire heterodyning
frequency bandwidth and a single sky point.

The refined grid of the fully coherent follow-up covers a
region of parameter space of size (4∆ f )× (4∆ ḟ )× (4∆θ×
4∆θ) when projected into the ecliptic plane. In other words,
it covers a region whose volume is 256 times larger than the
volume of a fundamental cell in the original grid: its extent in
each dimension of parameter space is four grid intervals. The
refined grid has a spacing given by the previous formulae for
∆ f , ∆ ḟ , and ∆θ, except that the coherence time T is set equal
to the length of the entire data set, and γ = 1. Since in this case
only a small parameter-space region around the candidate is
explored, it is computationally efficient to compute P directly
in the time domain (FFTs are not used), exploiting the sparsity
of the photon data.

If the value of P, which measures the fully coherent power
(in a single harmonic), is statistically significant, then in a
third stage further refinement is carried out using higher har-
monics (Fourier components). We adopt the so-called H-test,

which has been widely used in X-ray and gamma-ray pulsar
detection (de Jager et al. 1989; de Jager & Büsching 2010).
This test measures the statistical significance of the energy in
the first 20 (non-DC) Fourier components of the pulse pro-
file as a function of phase. As in Equation (1), the H-test can
also be modified to include the photon probability weights wj

(see Kerr 2011a). Note that Equation (5) in Kerr (2011a) con-
tains an error; corrected formulae used in this work are given
below.

The weighted H-test statistic is defined as follows. For each
photon arrival time t j, the pulse phase x j (between zero and
one) is calculated as x j =

�
Φ(t j) mod 2π

�
/2π. The pulse pro-

file (for 0 ≤ x < 1) is a sum over the photons

p(x) =
N�

j=1

wj δ(x − x j), (8)

where x j is the pulse phase of the jth photon and δ(x) is a
one-dimensional Dirac delta-function. It can be expressed as
a Fourier series

p(x) = κ
∞�

�=−∞
α� e2πi�x, (9)

which implies that the (complex) Fourier coefficients α� are
given by

α� =
1
κ

N�

j=1

wj e−2πi�xj , (10)

where the definition of κ is identical to Equation (7). The
normalization of the Fourier coefficients has been chosen so
that if the photon arrival times are uniformly distributed, inde-
pendent random variables, then in the limit of the large num-
bers of photons, for � > 0, �(α�) and �(α�) are independent
Gaussian random variables with zero mean and unit variance.
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FIG. 2.— Weighted H-test statistic for PSR J1620–4927. Panels (a) and (b) show contour plots of the weighted H-test statistic as a function of sky position (a)
and ( f , ḟ ) (b). These are peaked at the parameter-space location indicated by the black cross and the axes show the offset from these values. Panel (c) shows how
the maximum weighted H-test statistic (shown in (a) and (b)) accumulates with time. The H-test increases (approximately) linearly with time, as expected for a
pulsar that is emitting uniformly.

Finally, the weighted H-test statistic is defined as

H = max
1≤L≤20

� L�

�=1

|α�|2 − 4(L − 1)
�
. (11)

The quantity which is subtracted, 4(L − 1), is motivated by an
empirical numerical study (de Jager et al. 1989), providing the
best omnibus test for unknown pulse profiles.

Maximizing H over sky position, frequency f , and spin-
down rate ḟ selects the “narrowest and sharpest” overall pulse
profile. In contrast, maximizing the statistic P = |α1|2 of
Equation (6) favors putting more power into the lowest har-
monics.

Using H as the test statistic, a further stage of parameter-
space refinement is done in the same way as before: in the fre-
quency, spin-down, and sky parameters, we cover regions that
include four grid steps (in each dimension) of the previous
grid. The chosen refinement factor (ratio of the number of grid
points after and before refinement, in each dimension) is about
an order of magnitude. At each grid point, the weighted H-
statistic of Equation (11) is found. The parameter-space point
with the largest statistic is selected as our best estimate of the
pulsars’ parameters which are then further refined through the
timing-analysis procedure (Ray et al. 2011) described in Sec-
tion 5.2.

The hierarchical search pipeline has been validated by suc-
cessfully recovering previously known gamma-ray pulsars,
including some of the brightest gamma-ray MSPs (Abdo et al.
2010c; Pletsch & Guillemot 2011). In the next section, the
complete search scheme is illustrated with a detailed exam-
ple.

4. EXAMPLE: RESULTS FOR PSR J1620–4927

Before giving the results for all of the pulsars that have
been discovered with this new search method, we first go
through a single example in detail. This illustration uses
PSR J1620–4927, the first new pulsar found in this work.

Figure 1(a) shows the first stage of the analysis. For each
f and ḟ value, the largest value of S found in the sky grid
is displayed as an intensity. The point of highest intensity
corresponds to PSR J1620–4927’s f and ḟ parameters.

The second analysis stage is the automated follow-up of all
candidates shown in Figure 1(a). As explained in Section 3,
this is accomplished by carrying out a fully coherent search
over a small region of parameter space around each candi-
date which has been identified as statistically significant in
the previous semi-coherent stage. If the candidate found in
the semi-coherent step was simply a statistical outlier, then
the fully coherent statistic P will not be significant. Fig-
ure 1(b) presents the results of the fully coherent statistic P for
PSR J1620–4927. Again the point of highest intensity com-
pared to the background, indicating the presence of a coherent
signal in the data set, is due to the new pulsar.

The importance of the photon probability weights wj can be
illustrated by repeating the analysis using the same 8000 pho-
tons with the weights set to unity. (Note that the weights were
used in selecting the 8000 photons, so this is not a complete
comparison.) The result is that Figure 1(a) still shows a sta-
tistically significant outlier in the semi-coherent search step,
which is followed up automatically and gives a statistically
significant outlier in the fully coherent output of Figure 1(b).
In both steps the signal and its statistical significance are re-
duced, but the pulsar is still found. However for some of the
other new pulsars, this is not the case: if the weights are set
to unity, then the pulsar is not detected. Overall the weights
play a larger role for sources in crowded regions of the sky,
for example, near the Galactic plane.

At the third stage, further refinement is carried out by max-
imizing the weighted H-test statistic over a small region of
parameter space around the most significant candidate from
the previous step. As described in Section 3, the parameter-
space grid used at this stage is yet another order-of-magnitude
finer than the one of the previous stage. Figure 2 shows the
corresponding results for PSR J1620–4927.

The parameter-space point with the largest H-test statistic
is selected as our best estimate of the pulsar parameters at this
stage. The uncertainties in these estimated parameters can be
obtained by using the fact that a 1σ deviation for a Gaussian
distribution has a value ≈ 0.6 of the maximum. In the current
example, as shown in Figure 2, the value of the maximum
weighted H-test statistic is 566.

Figure 2(c) illustrates the way the weighted H-test statistic

and  phase  (between  0  and  1):

with  Fourier  coefficients  (                                    ):
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FIG. 2.— Weighted H-test statistic for PSR J1620–4927. Panels (a) and (b) show contour plots of the weighted H-test statistic as a function of sky position (a)
and ( f , ḟ ) (b). These are peaked at the parameter-space location indicated by the black cross and the axes show the offset from these values. Panel (c) shows how
the maximum weighted H-test statistic (shown in (a) and (b)) accumulates with time. The H-test increases (approximately) linearly with time, as expected for a
pulsar that is emitting uniformly.

Finally, the weighted H-test statistic is defined as

H = max
1≤L≤20
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. (11)

The quantity which is subtracted, 4(L − 1), is motivated by an
empirical numerical study (de Jager et al. 1989), providing the
best omnibus test for unknown pulse profiles.

Maximizing H over sky position, frequency f , and spin-
down rate ḟ selects the “narrowest and sharpest” overall pulse
profile. In contrast, maximizing the statistic P = |α1|2 of
Equation (6) favors putting more power into the lowest har-
monics.

Using H as the test statistic, a further stage of parameter-
space refinement is done in the same way as before: in the fre-
quency, spin-down, and sky parameters, we cover regions that
include four grid steps (in each dimension) of the previous
grid. The chosen refinement factor (ratio of the number of grid
points after and before refinement, in each dimension) is about
an order of magnitude. At each grid point, the weighted H-
statistic of Equation (11) is found. The parameter-space point
with the largest statistic is selected as our best estimate of the
pulsars’ parameters which are then further refined through the
timing-analysis procedure (Ray et al. 2011) described in Sec-
tion 5.2.

The hierarchical search pipeline has been validated by suc-
cessfully recovering previously known gamma-ray pulsars,
including some of the brightest gamma-ray MSPs (Abdo et al.
2010c; Pletsch & Guillemot 2011). In the next section, the
complete search scheme is illustrated with a detailed exam-
ple.

4. EXAMPLE: RESULTS FOR PSR J1620–4927

Before giving the results for all of the pulsars that have
been discovered with this new search method, we first go
through a single example in detail. This illustration uses
PSR J1620–4927, the first new pulsar found in this work.

Figure 1(a) shows the first stage of the analysis. For each
f and ḟ value, the largest value of S found in the sky grid
is displayed as an intensity. The point of highest intensity
corresponds to PSR J1620–4927’s f and ḟ parameters.

The second analysis stage is the automated follow-up of all
candidates shown in Figure 1(a). As explained in Section 3,
this is accomplished by carrying out a fully coherent search
over a small region of parameter space around each candi-
date which has been identified as statistically significant in
the previous semi-coherent stage. If the candidate found in
the semi-coherent step was simply a statistical outlier, then
the fully coherent statistic P will not be significant. Fig-
ure 1(b) presents the results of the fully coherent statistic P for
PSR J1620–4927. Again the point of highest intensity com-
pared to the background, indicating the presence of a coherent
signal in the data set, is due to the new pulsar.

The importance of the photon probability weights wj can be
illustrated by repeating the analysis using the same 8000 pho-
tons with the weights set to unity. (Note that the weights were
used in selecting the 8000 photons, so this is not a complete
comparison.) The result is that Figure 1(a) still shows a sta-
tistically significant outlier in the semi-coherent search step,
which is followed up automatically and gives a statistically
significant outlier in the fully coherent output of Figure 1(b).
In both steps the signal and its statistical significance are re-
duced, but the pulsar is still found. However for some of the
other new pulsars, this is not the case: if the weights are set
to unity, then the pulsar is not detected. Overall the weights
play a larger role for sources in crowded regions of the sky,
for example, near the Galactic plane.

At the third stage, further refinement is carried out by max-
imizing the weighted H-test statistic over a small region of
parameter space around the most significant candidate from
the previous step. As described in Section 3, the parameter-
space grid used at this stage is yet another order-of-magnitude
finer than the one of the previous stage. Figure 2 shows the
corresponding results for PSR J1620–4927.

The parameter-space point with the largest H-test statistic
is selected as our best estimate of the pulsar parameters at this
stage. The uncertainties in these estimated parameters can be
obtained by using the fact that a 1σ deviation for a Gaussian
distribution has a value ≈ 0.6 of the maximum. In the current
example, as shown in Figure 2, the value of the maximum
weighted H-test statistic is 566.

Figure 2(c) illustrates the way the weighted H-test statistic

De  Jager  et  al.  (1989),
Kerr  (2011)
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•      Blind  searches  for  
            gravitaDonal-‐wave  pulsars:
            -‐  2  publicaNons  of
                all-‐sky  upper  limits  using
                LIGO  S4  and  S5  data
            -‐  Frequency  band  50Hz-‐1500Hz
            -‐  Full  S5  &  S6  search  ongoing
  
•      Blind  searches  for  binary  radio  pulsars:
            -‐  2  publicaNons  of  radio  pulsar
                  discoveries  with  Arecibo.
            -‐  Both  are  somewhat  unusual,
                  one  DRP,  one  IMBP.
            -‐  Meanwhile:  18  more  radio
                  pulsars  found  in  Parkes  and
                  Arecibo  data


