
H  J  Pletsch 1

Discovery  of  gamma-­‐ray  pulsars  in  Fermi-­‐LAT  data
with  new  methods  inspired  from  gravita2onal-­‐wave  astronomy

Holger  J.  Pletsch

Max Planck Institute
for Gravitational Physics
(Albert Einstein Institute)



H  J  Pletsch

ExecuAve  summary

2

"ElectromagneAc  pulsars":
-­‐  Rapidly  spinning  &  highly  magne2zed  
      neutron  stars.
-­‐  Lighthouse  effect,  beams  of  EM  radia2on

➜    Pulsa2ons  observable  in  
          radio,  opAcal,  X-­‐rays,  
          and  gamma-­‐rays.

Fast  spinning  
neutron  star,  
e.g.  with  a  2ny
mountain.

"GravitaAonal-­‐wave  pulsars":
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"GravitaAonal-­‐wave  pulsars":

Blind  searches  for  gamma-­‐ray  pulsars
Mul2-­‐messenger
-­‐  No  prior  knowledge  of  pulsar  parameters.

BUT:  
-­‐  Same  parameter  space  as  GW  pulsar  searches.
-­‐  Similar  data  2me  span  of  Fermi-­‐LAT  and  
    LIGO/Virgo.
-­‐  In  both  cases:  signals  are  extremely  weak.
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Pulsar's  orienta2on  such  that:
•    radio  beam  does  not  cross  line  of  sight,
•    but  only  gamma-­‐ray  emission  does.
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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  life2me:  10  years.

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

            -­‐  Pair  produc2on  telescope  with  silicon  tracker,
                  calorimeter,  and  segmented  an2-­‐coincidence  detector.

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

            -­‐  Con2nuous  sky  survey  mode  of  opera2on,
                  en2re  sky  captured  every  3  hrs,  survey  started
                  August  8,  2008.

            -­‐  Big  improvements  in  area,  FOV,  direc2onal  
                  precision,  background  reduc2on,  compared  
                  to  precursor  EGRET.

Atwood  et  al.,  
ApJ,  2009
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Fermi-­‐LAT  Second  Source  Catalog  (2FGL)  based  on  two  years:  1873  sources.
Among  these  576  uniden2fied,  not  associated  with  counterparts  at  other  wavelengths.
➜  Contain  unknown  gamma-­‐ray  pulsars?



H  J  Pletsch

DetecAng  pulsars  with  Fermi

6

Now:  >  100  pulsars  iden2fied  with  the  Fermi  LAT  
in  3  different  ways  (so  far  with  about  equal  success  rate):

Indirect  ways  (radio-­‐loud  pulsars):
              1)    Using  ephemeris  of  pulsars  known  from  radio  or  X-­‐ray
                          -­‐  Assigning  phases  to  gamma-­‐ray  photons  based  on  known  2ming  model

              2)    Radio  pulsar  searches  at  sky  posiAons  of  LAT  unidenAfied  sources
                          -­‐  From  radio  pulsar  finding  assign  again  phases  to  gamma-­‐ray  photons

Direct  way  (the  only  way  for  radio-­‐quiet  systems):
              3)    Blind  searches  for  pulsars  directly  in  LAT  data
                        -­‐  Fermi  is  the  first  instrument  to  enable  us  blind-­‐search  discoveries
                        -­‐  Very  successful  in  finding  young  pulsars,  no  millisecond  pulsar  yet
  

BTW,  before  Fermi:  <  10  gamma-­‐ray  pulsars
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    SelecAng  "pulsar-­‐like"  2FGL-­‐catalog  sources:  
      -­‐  Curvature  significance  ≥  4σ,
      -­‐  Variability  index  <  41.6,  

Pulsar  spectrum

AGN  spectrum

Pulsar

Blazar

Variability  
with  Ame

Spectral  
properAes

➜  List  of  about  100  pulsar-­‐like  2FGL  
          sources  with  no  known  associaAons.  

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

•    For  isolated  systems:  
          Need  to  find  rotaAonal  phase  model  
          with  spin  frequency          and  frequency  derivaAve      ,  
          plus  a  sky  posiAon  to  match  SSB  arrival  2mes        of  the  photons.

•    Signal  hypothesis:  Arrival  2mes  "cluster"  near  specific  "orienta2ons",
          i.e.                                                      deviates  from  uniformity  on  interval                          .  

•    Null  hypothesis:  photon  arrival  2mes  are  a  random  process.

The  blind-­‐search  problem
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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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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 )
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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
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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”)
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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).
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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
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, 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
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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
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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”
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of terms which are coherent over several days. The coher-
ent terms are the power in Fourier bins, calculated by treating
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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
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tomatically followed up in a fully coherent analysis. Finally, a
third stage further refines coherent pulsar candidates by using
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of terms which are coherent over several days. The coher-
ent terms are the power in Fourier bins, calculated by treating
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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
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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
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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
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Ideal  world:  infinite  compuAng  power    
                                                      ➜  Fully  coherent  Fourier  analysis  on  a  dense  4D  template  grid

Reality:    finite  compuAng  resources  limit  search  sensiAvity
                                                      ➜  Enormously  wide  parameter  space:  fully  coherent  approach  imprac2cal
                                                      ➜  Need:          a)    more  efficient  search  methods
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Problem  analogous  to  searches  for  GW  pulsars
            ➜    SoluAon:  use  latest  GW-­‐pulsar  data-­‐analysis  "technology"

                                -­‐  Hierarchical  search  strategies
                                                                    Schutz  &  Papa  (2000),  Papa  et  al.  (2000),  Brady  &  Creighton  (2000),  Krishnan  et  al.  (2005),
                                                                    Cutler  et  al.  (2005),  HJP  &  Allen  (2009),  HJP  (2011),  Cutler  (2011),  Prix,  Shaltev  (2012)

                                -­‐  Parameter-­‐space  metric  to  construct  efficient  search  grid
                                                                    Balasubramanian  et  al.  (1995),  Owen  (1996),  Brady  et  al.  (1998),  Jones  et  al.  (2005),
                                                                    Prix  (2007),  HJP  &  Allen  (2009),  HJP  (2010)
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Hierarchical,  3-­‐staged  search  scheme:    
Discarding  unpromising  regions  in  parameter  space  as  early  as  possible

1.  Semi-­‐coherent:  
                -­‐    6-­‐day  coherence  window  slid  
                        over  3  years  while  incoherently  
                        combining  results.
2.  Coherent  follow-­‐up:
                -­‐    For  every  semi-­‐coherent  candidate  compute  fully  coherent  Fourier  power  
                        over  en2re  data  set  on  significantly  refined  grid.
3.  Including  higher  signal  harmonics:
                -­‐    Typically  pulse  profile  non-­‐sinusoidal,  also  Fourier  power  at  harmonics  of  spin  frequency.
                  -­‐    For  every  coherent  candidate  sum  fully  coherent  power  over  en2re  data  set  from  harmonically  related    
                        frequencies  using  a  further  refined  grid.  

...

Total  data  set  (~3  years)

6-­‐day  window

Sliding  coherence  window
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Atwood  et  al.  (2006)
HJP  (2011)
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Hierarchical,  3-­‐staged  search  scheme:    
Discarding  unpromising  regions  in  parameter  space  as  early  as  possible

1.  Semi-­‐coherent:  
                -­‐    6-­‐day  coherence  window  slid  
                        over  3  years  while  incoherently  
                        combining  results.
2.  Coherent  follow-­‐up:
                -­‐    For  every  semi-­‐coherent  candidate  compute  fully  coherent  Fourier  power  
                        over  en2re  data  set  on  significantly  refined  grid.
3.  Including  higher  signal  harmonics:
                -­‐    Typically  pulse  profile  non-­‐sinusoidal,  also  Fourier  power  at  harmonics  of  spin  frequency.
                  -­‐    For  every  coherent  candidate  sum  fully  coherent  power  over  en2re  data  set  from  harmonically  related    
                        frequencies  using  a  further  refined  grid.  

...

Total  data  set  (~3  years)

6-­‐day  window

Sliding  coherence  window

"z
oo

m
in
g  
in
"

Parameter-­‐space  metric  to  guide  grid  construcAon
of  each  stage:
-­‐  Geometric  tool:  measure  frac2onal  loss  in  expected  detec2on  sta2s2c  for  a
      given  signal  at  a  nearby  grid  point  (4D);  no  sky  gridding  in  previous  searches.

-­‐  Fully  analy2c  semi-­‐coherent  pulsar  metric;  Ansatz  by  Brady  &  Creighton  (2000)      
    of  "averaging  coherent  metrics";    using  recent  solu2on  from  HJP  &  Allen  (2009).

LAT's  r95%

R.A.

D
ec
l.

Atwood  et  al.  (2006)
HJP  (2011)
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year  1

year  2 year  3 year  4

Blind-­‐search  pulsars  discovered  during  the  Fermi  mission:

New  method  discovered  9  pulsars:  
1/3  of  the  known  popula2on!

previous  searches

No  new  discoveries
with  previous  search  
methods  since  
2nd  mission  year.

Pu
ls
ar
s

Found  in  first  blind  survey  using  ATLAS  compu2ng  facility  at  AEI  Hannover.
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Ti
m
e  
      
    

2009

2010

2011

(Two  rota2ons  shown  for  clarity)

Pulse  Phase

Pulse  profiles  of  the  9  new  gamma-­‐ray  pulsars:

Pulse  PhasePulse  PhasePulse  Phase

year



H  J  Pletsch

Comparison  to  known  populaAon

13

(Age)

(Energ
y-l

oss
 ra

te)
(Magnetic field strength)



H  J  Pletsch

Comparison  to  known  populaAon

13

(Age)

(Energ
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(Magnetic field strength)

Milliseco
nd  pul

sars

Young/normal  pulsars

The  1st  gamma-­‐ray  MSP  yet  
to  be  found  in  blind  search!
➜  Einstein@Home
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•      Numbers:
            -­‐  About  300  000  volunteers  worldwide
            -­‐  About  50  000  ac2ve  computers
            -­‐  About  500  TFlop/s  sustained  
                compu2ng    power

•      Infrastructure:
            -­‐  Built  upon  BOINC
            -­‐  Servers  in  Milwaukee  (USA)  and
                  Hannover  (Germany)

Three  disAnct  searches  for  neutron  stars:
            1.  Gravita2onal-­‐wave  pulsar  search,
                                      Data  from  LIGO,  Virgo,  GEO600  (since  2005)

            2.  Radio  pulsar  search,
                                    Data  from  Arecibo,  Parkes  (since  2009)

            3.  Gamma-­‐ray  pulsar  search,
                                    Data  from  Fermi  LAT  (since  2011)    
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Conclusion

•    GW  astronomy:  signal  absence,  but  efficient  data-­‐analysis  methods
          ⇒  Useful  in  related  fields:  signal-­‐rich  EM  astronomy.

•    Finding  radio-­‐quiet  gamma-­‐ray  pulsars  in  Fermi-­‐LAT  data:
          Search  sensi2vity  computa2onally  bound:  analog  to  blind  GW  pulsar  searches
          ⇒  Apply  GW  pulsar  search  methods  

•    Pulsar  discoveries  in  Fermi-­‐LAT  data:
          -­‐  Tradi2onal  methods  successful  during  early  mission  
                  (24  within  1  year,  but  detec2on  rate  stagnated  since)
          -­‐  New  search  method  using  3  years  of  LAT  data:    9+        ⇒  Increased  populaAon  by  ~30%!

•    Computa2onal  load  of  survey  now  moved  to  Einstein@Home:
          Hope  to  find  the  first  radio-­‐quiet  millisecond  gamma-­‐ray  pulsar.
          ⇒  Poten2al  important  advance  in  understanding  of  pulsars.


