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Pulsar Characteristics

Mass ~ 1.4 M⊙◉☉⨀  &  R ~ 10 km
➡ Density ~ nuclear matter.
Rotating magnetic dipole field
➡ Electromagnetic radiation
➡ Particle acceleration in the 

magnetosphere
➡ Slowdown due to energy loss

Pulsars are rapidly rotating highly magnetized neutron stars, born 
in supernova explosions of massive stars.
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Period and Slowdown

Rotational energy loss :

I  : moment of inertia ~1045 g cm²

P : rotation period

2 classes :

Normal Pulsars

Millisecond (“Recycled”) Pulsars

~ 2000 known pulsars in radio

Normal	  radio	  pulsars

Millisecond	  Pulsars
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Pulsars: Probes of Extreme Physics

Extreme Densities

The cores of neutron stars reach super-nuclear densities, where the equation of state is unknown

Extreme Gravitation

Binary pulsars probe many predictions of General Relativity to high precision

Extreme Magnetism

Some pulsars have B fields above the quantum critical field (B~1014 Gauss in “magnetars”)

Extreme acceleration

Shocks in pulsar winds accelerate particles to >TeV energies

Potential sources of cosmic-ray electrons
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Previous Observations of Gamma-ray Pulsars

 7 detected pulsars (+ 3 candidates) with 
the Compton Gamma-Ray Observatory

CGRO	  (with	  
EGRET,	  COMPTEL,	  
OSSE,	  BATSE)
(1991	  –	  2000)

More	  recently...
AGILE	  (2007	  -‐	  )
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Pulsar Gamma-Ray Emission

Theoretical models try to explain the observed gamma-ray 
emission as coming from different regions of the 
magnetosphere and with different magnetosphere 
configurations

Different emission patterns are expected (number of peaks, 
separation, radio/gamma lag, ratio of radio-loud/radio-
quiet) for each model as a function of:

α: angle between magnetic and rotation axis

β: angle between line-of-sight and magnetic axis
(or , ζ the angle between line-of-sight and spin axis)

Gamma-ray observations can help 
disentangle the geometry of pulsars

(Also see Watters et al. 2009, ApJ, 695, 1289)
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Some (pre-Fermi) open questions:

What mechanisms produce the emission of 
pulsars, from radio to gamma rays ?

Where do these phenomena take place ?

Are there gamma-ray millisecond pulsars ?

What is the fraction of radio-loud and 
radio-quiet pulsars ?

What is the contribution of gamma-ray 
pulsars to the diffuse galactic emission and 
the unidentified gamma-ray sources?
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Key Observables: Light Curve

Radio emission

γ-ray emission 
region

Light curve parameters

Peak multiplicity

Radio lag (δ)

γ-ray peak separation (Δ)

(Evolution with E, but theories don’t 
predict this at all, yet)

Geometry can be constrained in other ways 
as well

X-ray images of pulsar wind nebulae

Radio Polarizationδ

Δ

8Tuesday, June 7, 2011



Key Observables: Energy spectrum

Spectral Index

Cutoff Energy

β

The energy spectrum can be described by a power law with an (hyper) 
exponential cutoff :

 β : cutoff index 
 ~ 1 : Slot Gap and Outer Gap models (high altitude emission)
 ~ 2 : Polar Cap model (low altitude emission)
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Three Ways to Detect Pulsars with the LAT

Folding gamma-ray photons according to a known pulsar timing model, from 
radio or X-rays

All 6 EGRET pulsars were detected this way (but Geminga, Crab and Vela 
could have been discovered in blind searches; Ziegler 2008)

Blind searches for pulsations directly in the gamma-ray data

Many tried hard with EGRET without success

Radio pulsar searches of LAT unidentified sources

Sensitivity to MSPs, binaries, very noisy pulsars
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LAT First Pulsar Catalog

46 pulsars included

17 gamma-ray selected (blue 
squares)
6 EGRET
8 MSPs (red triangles)
16 other radio pulsars

Multi-band light curves, spectral fits, 
etc... all done in a uniform way

First cut at population statistics, 
correlations
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About the LAT-detected Pulsars	

Generally (but not always) two peaks 
separated by about ½ rotation

Generally (but not always) gamma-ray 
peak offset from radio

(Simple) Exponential cutoffs in the 1–3 GeV 
range

MSPs resemble young pulsars

Both have similar values of BLC

But more likely to have aligned and/
or complex gamma-ray profiles

Outer magnetosphere models favored
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What Pulsars Are We Seeing?

Mostly seeing high Ė1/2/D2, as expected

Distance uncertainties dominate, making exceptions a 
bit tricky to study

Lγ relates to Ė
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PSR J0357+32

PSR J0218+4232

High BLC also preferred, both for normal PSRs and 
MSPs

Similar outer magnetosphere mechanisms in both 
classes?
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Folding With Known Ephemerides

Large campaign organized to provide radio (and X-ray) timing models for all 
(~200) pulsars with Ė > 1 x 1034 erg/s (Smith et al. 2008 A&A, 492, 923)

Thanks to all members of the Pulsar Timing Consortium!

Folded LAT photons for 762 pulsars
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EGRET pulsars with Fermi

The 6 EGRET pulsars are prime targets for spectral analyses with unprecedented 
details, because of their brightness. 

High signal-to-noise and good timing models allow study of fine features in the 
light curve and evolution of profile shapes with energy

Phase-resolved spectroscopy reveals rapid changes is spectral parameters (e.g. 
cutoff energy) within gamma-ray peaks, perhaps due to variation in emission 
altitude

In general, pulsar spectra are consistent with simple exponential cutoffs, 
indicative of absence of magnetic pair attenuation.
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Other Radio/X-ray Pulsars

Young (90 kyr) pulsar PSR J1028–5819 discovered in radio 
search of 3EG J1027-5817
(Abdo et al. 2009 ApJ, 699, L102)

L104 ABDO ET AL. Vol. 699

γ -ray photons is based on times of arrival (TOAs) obtained
from both telescopes between 2008 June 17 and 2009 March 9.
There are 17 such TOAs from GBT mainly at a central
frequency of 2.0 GHz, with average uncertainty of 0.27 ms, each
based on a 1 hr integration. The 51 Jodrell Bank TOAs, with
average uncertainty of 0.37 ms, are derived from observations
at 1.4 GHz lasting typically for 2 hr. The timing of PSR
J0205+6449 is very noisy, and in order to describe its rotation
well during the nine month interval we use TEMPO56 to fit to
the rotation frequency and its first seven derivatives, with an
rms of 0.4 ms. The best determination of dispersion measure
(DM = 140.7 ± 0.3 pc cm−3) remains that from Camilo et al.
(2002), which we use to correct 2 GHz arrival times to infinite
frequency, with an uncertainty of 0.3 ms, for comparison with
the γ -ray profile. Note that higher signal-to-noise ratio profiles
of the pulsar are presented at 0.8 and 1.4 GHz in Camilo et al.
(2002).

2.2. γ -Ray Observations

The Large Area Telescope (LAT) on Fermi, launched on 2008
June 11, is a pair-conversion telescope consisting of 16 towers
set into a 4×4 grid (Atwood et al. 2009). Each tower consists of
both a converter-tracker (direction measurement of the incident
γ -rays) and a CsI(Tl) crystal calorimeter (energy measurement/
shower development image). The array is surrounded by seg-
mented plastic scintillator (charged-particle background iden-
tification) and connected to a programmable trigger and data
acquisition system. The instrument is sensitive to photons from
0.02 to 300 GeV over a ∼ 2.4 sr field of view resulting from
the compact height/width ratio of the instrument. The LAT
hardware design, event reconstruction algorithms, background
selections and event quality selections determine the instrument
performance:57 a large effective area on axis ( ∼ 0.8 m2); supe-
rior angular resolution (θ68 ∼ 0.◦5 at 1 GeV for events in the front
section of the tracker); and an energy resolution better than 10%
between 0.1 and 10 GeV on axis. The software timing chain
deriving from a GPS clock on the satellite and the phase-folding
software have been shown to be accurate to better than a few µs
(Smith et al. 2008).

In this Letter, the data collected for the timing analysis were
obtained by the Fermi LAT in two different observing modes,
from 2008 July 15 to July 29 during the six-week calibration
phase, and from 2008 August 3 to 2009 March 9 when LAT was
operating in scanning mode under nominal configuration. For
the spectral analysis, only data acquired from 2008 August 3
were used to avoid mixing the different configurations. We used
the “Diffuse” class events having the highest probability of being
photons. In addition, we excluded the events with zenith angles
greater than 105◦ due to the Earth’s bright γ -ray albedo, and
time periods where the Earth’s limb came within 28◦ of the
source.

3. ANALYSIS AND RESULTS

The events were analyzed using the standard software pack-
age Science Tools (ST) for the Fermi LAT data analysis58 and
the pulsar timing software TEMPO2 (Hobbs et al. 2006). The
timing parameters used in this work will be made available on
the servers of the Fermi Science Support Center.59

56 http://www.atnf.csiro.au/research/pulsar/tempo/
57 http://www−glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
58 http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/overview.html
59 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/ephems/
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Figure 1. Top panel: phase-aligned histogram of PSR J0205+6449 above
0.1 GeV and within an energy-dependent circle. Two rotations are plotted with
50 bins per period. The dashed line shows the background level, as estimated
from a ring surrounding the pulsar during the off-pulse phase (46 counts/bin).
Three following panels: energy-dependent phase histograms for PSR
J0205+6449 in the three indicated energy ranges, each displayed with 50 bins
per pulse period. Second panel from bottom: count rate in the energy band
2–60 keV from RXTE data (Livingstone et al. 2009). Bottom panel: radio pulse
profile based on 3.8 hr of GBT observations at a center frequency of 2 GHz
with 64 phase bins.

3.1. Pulsed Light Curve

The pulsar is located in the Galactic plane where the diffuse
gamma radiation is intense, and 5.◦3 from the bright LAT
source 0FGL J0240.3+6113 coincident with the X-ray binary
LSI+61◦303 (Abdo et al. 2009a). For the timing analysis, a set
of photons with energies over 0.1 GeV was selected within an
energy-dependent cone of radius θ68 ! 0.8 × E−0.75

GeV deg, but
with a maximum radius of 1.◦5 with respect to the X-ray pulsar
position (l = 130.◦719, b = 3.◦085). This choice takes into
account the instrument performance and maximizes the signal-
to-noise ratio over a broad energy range. This truncates the
point-spread function at low energies and decreases the number
of background events (Atwood et al. 2009). A total of 2922
γ -rays remain after these cuts. The arrival times of events were
corrected to the solar system barycenter using the JPL DE405
solar system ephemeris (Standish 1998), and the events have
been folded using the radio ephemeris from GBT and the Lovell
telescope at Jodrell Bank.

Figure 1 (top panel) shows the 50 bin γ -ray phase histogram
on which we fit each peak. The first peak (P1) is offset from
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Figure 1. Light curve of PSR J1028−5819 in the (0.1–13 GeV) band in 40 constant-width bins and shown over two pulse periods with the 1.4 GHz radio pulse profile
plotted below. The horizontal dashed line shows the estimated background level from the off-pulse region at phases 0.8 and 1.0. The inset shows the radio pulse in the
phase range 0.97–1.03, with the main peak at phase 1.0 and preceded by the smaller, secondary peak at phase ∼0.996.

measurements have been made with typical uncertainties in the
times-of-arrival of ∼30 µs or better. The fit to the timing points
was carried out using TEMPO2 (Hobbs et al. 2006); the position
of the pulsar was held fixed at the value given in Keith et al.
(2008) and the rotation frequency and frequency derivative were
fit. The dominant contribution to the resulting residual of 270 µs
is timing noise intrinsic to the pulsar. Note that the timing
solution used to derive the narrow radio profiles contains an
extra fit parameter that is not included in the Fermi software tools
used for the γ -ray profile. Including this additional parameter
leads to at most a phase shift of 0.01 over the data set used for
the γ -ray pulsation analysis.

3. RESULTS

For the detection of pulsations, Diffuse class events with
energy >100 MeV and within a radius of 1.◦5 of the radio position
were corrected to the solar system barycenter using the JPL
DE405 solar system ephemeris and folded with the radio period
using the Parkes ephemeris. The Fermi LAT timing is derived
from a GPS clock on the satellite and photons are timestamped
to an accuracy better than 300 ns. The LAT software tools for
pulsars have been shown to be accurate to a few µs for isolated
pulsars (Smith et al. 2008). We detect γ -ray pulsations at the

radio period with chance probability 2 × 10−27 using a Zn-test
with two harmonics (De Jager et al. 1989). Within two weeks
from the onset of data collection, a Zn significance of 3.5σ was
found for pulsations, and this was improved to a better than 10σ
pulsed signal with less than four months of LAT data. The γ -
ray pulsations at the same period were independently found by
a blind search in P and Ṗ using a time-differencing technique
(Atwood et al. 2006; Ziegler et al. 2008).

The LAT has an angular resolution with a dependence on
reconstructed event energy E of E−0.75, with a 68% containment
radius of ∼ 0.◦5 at 1 GeV for near on-axis events which convert
in one of the first 12 layers of the tracker (the thin section)
and that increases with incidence angle as detailed in Atwood
et al. (2009). Events converting in one of the last four layers of
the tracker (the thick section) have a 68% containment radius
which is ∼ 2 times that of the thin section. In order to explore
the energy dependence of the light curve, the event selection
was refined to be θc(E/100 MeV)−0.75, where θc = 3◦ for thin
events and θc = 4.◦1 for thick events are the containment radii
at 100 MeV chosen to maximize the detection significance with
this energy-dependent cut. The histogram of folded counts at
energies 0.1–13 GeV is shown in Figure 1. The γ -ray light
curve shows two strong peaks, P1 at phase 0.200 ± 0.003 and
P2 at phase 0.661 ± 0.002, where phase 0 is defined by the

Very young (5.4 kyr), very faint radio pulsar in 
SNR/PWN 3C58
(Abdo et al. 2009, ApJ, 695, L72)

About two dozen new LAT detections of young, energetic, radio pulsars
Too many to discuss individually here...
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Millisecond Pulsars!

EGRET had a marginal 
detection of one MSP (PSR 
J0218+4232; Kuiper et al. 
2000)

Fermi detected 8 MSPs in first 
9 months of data taking

MSP profiles (peak separation 
and radio lags) look very 
much like the young pulsars

(Abdo et al. 2009, Science, 325, 848)
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A 9th MSP: J0034-0534

Two gamma-ray peaks, nearly 
aligned with the radio profile

Resembles the Crab in this way

Suggests that radio and gamma-ray 
emission regions may be co-located

High BLC and seemingly low efficiency

(Abdo et al. 2010, ApJ, 712, 957)

960 ABDO ET AL. Vol. 712

C
ou

nt
s

2

4

6

8

10

12
> 1 GeV

C
ou

nt
s

5
10
15
20
25
30
35
40
45

> 0.1 GeV

R
ad

io
 F

lu
x

Nançay 1398 MHz

Pulse Phase
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

R
ad

io
 F

lu
x

Westerbork 324 MHz

Figure 1. Top two panels show the phase-folded light curve of PSR J0034−0534
for LAT events above 1 GeV and above 0.1 GeV within 0.◦8 of the radio position.
γ -ray light curves are shown across two rotations with 25 bins per rotation. The
dashed horizontal lines correspond to the background levels estimated from the
simulation described in Section 4.2. The bottom two panels show the Nançay
and WSRT radio profiles; the vertical axes are in arbitrary units.
(A color version of this figure is available in the online journal.)

over two rotation periods for events above 0.1 GeV and 1 GeV
as well as the 300 MHz WSRT and 1.4 GHz Nançay radio
profiles. There is a small contribution to the pulse width in
the radio profiles due to scattering; however, this contribution
is much less than the bin width used in Figure 1. The γ -ray
light curve of PSR J0034−0534 shows two peaks which are
very nearly aligned with the radio peaks. This near-alignment
of the radio and γ -ray peaks is very reminiscent of what is
seen in the Crab pulsar (e.g., Abdo et al. 2010b) which is
nearly aligned in radio, optical, X-ray, and γ -rays (GeV and
TeV). The !0.1 GeV light curve in Figure 1 was fit with two
Lorentzians plus a constant offset, fixed at the value of the
background estimate shown, which gave a reduced χ2 value of
∼1.4 indicating good agreement with the data. Table 2 lists the
peak positions (φi), full width half-maximum (FWHMi), radio
to γ -ray phase lags (δi), and peak separation (∆) values. The
phase lag values in Table 2 were calculated by assuming the
first radio peak to be at phase 0 and estimating the second at
phase 0.258, using the 324 MHz radio profile. The phase lag
in the second peak is statistically consistent with 0 while the
first peak has a significant, but small, offset from the radio.
Fitting the γ -ray light curve with asymmetric Lorentzians did
not improve the fit, though with more data the second peak
may show significant asymmetry. Using only events !1.4 GeV
gives a pulsed detection of 3σ while using events !2 GeV
gives a pulsed detection of only 1.6σ . This indicates that there
is significant evidence for emission up to almost 2 GeV from
PSR J0034−0534.

Table 2
PSR J0034−0534 γ -ray Parameters

Light Curve Parametersa Best-fit Values

φ1 −0.027 ± 0.008
FWHM1 0.066 ± 0.019
δ1 −0.027 ± 0.008
φ2 0.247 ± 0.013
FWHM2 0.106 ± 0.038
δ2 0.011 ± 0.013
∆ 0.274 ± 0.015

Spectral Parametersb Best-fit Values

N0(10−9 cm−2 s−1 GeV−1) 6.9 ± 1.8 ± 0.2
Γ 1.5 ± 0.2 ± 0.1
EC (GeV) 1.7 ± 0.6 ± 0.1
F (10−8 cm−2 s−1) 2.7 ± 0.5 ± 0.4
h(10−11 erg cm−2 s−1) 1.9 ± 0.2 ± 0.1

Notes.
a Errors are statistical. Parameters are described in Section 4.1.
b First errors are statistical and second are systematic. Parameters
are described in Section 4.2.

4.2. Spectrum

An unbinned maximum likelihood method (Cash 1979;
Mattox et al. 1996), using the pyLikelihood python module
included with the Fermi STs, was used to fit the region
around PSR J0034−0534. All point sources found above the
background with test statistic !25 in a preliminary version
of the 1FGL catalog (Abdo et al. 2010c) and within 15◦ of
PSR J0034−0534 were modeled with power-law spectra. The
parameters of those point sources >10◦ from PSR J0034−0534
were held fixed in the fit. The Galactic diffuse emission was
modeled using the gll_iem_v02 map cube. The extragalactic
diffuse and residual instrument background components were
modeled jointly using the isotropic_iem_v02 template. Both
diffuse models are available for download with the Fermi STs
package. The γ -ray spectrum of PSR J0034−0534 was modeled
as both a power law and a simple exponentially cutoff power
law, Equation (1) with b ≡ 1, in separate fits:

dN
dE

= N0

(
E

1 GeV

)−Γ
exp

[

−
(

E

EC

)b
]

. (1)

Using the likelihood ratio test, the simple exponentially cutoff
power-law model is preferred over a power law at the 4.5σ level.
If the emission were to come from very near the stellar surface,
the γ -ray spectrum could be hyper-exponentially cutoff, with
b > 1, due to pair attenuation by the magnetic field (Daugherty
& Harding 1996). Low-altitude emission may be expected given
the near-alignment of the γ -ray and radio peaks. Assuming
a dipolar magnetic field, the predicted pair attenuation cutoff
energy is larger than the curvature radiation cutoff energy for
nearly all MSPs (Hardinget al. 2005); however, if the field is
not dipolar, the surface magnetic field could be larger and the
pair attenuation cutoff energy could be low enough to dominate.
The spectrum of PSR J0034−0534 was also fit allowing the b
parameter to be free. This fit returned a value of b not statistically
different from 1 and the b ≡ 1 model is still preferred by the
likelihood ratio test, which is in agreement with the implications
of the light curve modeling in Section 5.1.

The γ -ray energy spectrum of PSR J0034−0534, with b = 1,
is shown in Figure 2. The plotted points in Figure 2 were derived
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New Detections Coming...

Most pulsar detections have been done 
using (unweighted) H-test statistic and 
trying different ROI and Emin cuts

Improved sensitivity is possible by using 
photon weighting with weights derived 
from the maximum likelihood spectral fits 
of the LAT point sources

And, LAT data and radio timing models 
keep coming in...

2nd Pulsar Catalog may have 100 pulsars!

(M. Kerr et al. 2011, ApJ, 732, 38)
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Blind Searches

Long, very sparse data sets make traditional epoch folding 
or FFT searches extremely computationally intensive

Atwood et al. (2006, ApJ, 652, L49) developed a time 
differencing search method that maintains good sensitivity 
with greatly reduced computational requirements

LAT team searched a pre-launch list of ~100 locations of 
SNR, PWN, or likely NS based on multiwavelength 
observations

Then added sources from early versions of the LAT source 
catalog

Candidate signals are then verified and optimized using 
narrow epoch-folding searches
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Blind Search Pulsars

Blind searches of LAT data allow us to find pulsars where the 
radio beam might not be pointed at us

24 discovered in first year of survey data (Abdo et al. 2009, 
Saz Parkinson et al. 2010)

2 new ones in searches of two years of survey data

It is getting harder, but more discoveries will be coming

Science questions: Are they really radio quiet? What is the 
beaming fraction in gamma-ray vs. radio?

Pulsar Search Consortium has searched all for radio emission

Deep observations at GBT, Parkes, and Arecibo
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Sixteen Pulsars Discovered in 6 Months

6/16 found using well localized 
counterparts at other 
wavelengths including some long 
suspected of being pulsars (e.g. 
CTA1, 3EG J1835-5918)

13/16 associated with an EGRET 
unidentified source

Frequencies from 2.25 – 20.8 Hz

Ė from 5 x 1033 – 6 x 1036 erg/s
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(Abdo et al. 2009, Science, 325, 840)
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8 new blind search pulsars!

New pulsars, mostly found in new 
LAT unidentified sources (only 1 in 
EGRET source)

5 young and energetic

1 very energetic and 
associated with HESS source

2 old (~1 Myr) and off the plane

J2055+2539J1957+5036

J1846+0919

J1413-6205

J1022-5746 J1044-5737

J1429-5911

J1954+2836

(Saz Parkinson et al. 2010, ApJ, 725, 571)
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Three Discoveries of Radio Pulsations
– 31 –

Fig. 3.— Phase-aligned Fermi and GBT pulse profiles of PSR J1741–2054. In the upper
panel, the radio profile is displayed with an arbitrary intensity scale along with LAT counts

in the 0.2–1.0 GeV band. The bottom panel shows the higher-energy LAT counts and a
comparison between the two panels shows clear evolution of the peak structure (P1 weaken-
ing, P3 strengthening) with energy. At the highest energies (> 3 GeV), P3 dominates. The

displayed gamma-ray and radio profiles have, respectively, 32 and 128 bins per period. Two
full rotations are shown.

– 33 –

Fig. 5.— Phase-aligned GBT and Fermi pulse profiles of PSR J2032+4127. The gamma-ray
peaks are modeled as Gaussians of, respectively, FWHM/P = 0.026±0.003 and 0.051±0.005.
The radio profile is displayed with an arbitrary intensity scale. The radio and gamma-ray

profiles are displayed with, respectively, 256 and 32 bins per period. Two full rotations are
shown.

PSR J1907+0602Arecibo 1.4 GHz

Abdo et al. (2010)
Camilo et al. (2009)

Camilo et al. (2009)
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PSR J1907+0602Arecibo 1.4 GHz

Abdo et al. (2010)
Camilo et al. (2009)

Camilo et al. (2009)

Vast majority would never have been found without Fermi
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Radio Fluxes and Upper Limits
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Radio Luminosities: How Faint is Faint?

Interesting note: Geminga has a claimed detection at very low frequency (Malofeev & Malov, 1997).
There is a renaissance in low frequency radio astronomy in progress, led by LOFAR, so confirmation and/or 
other discoveries are possible!

Radio detections ➔ distance from DM ➔ luminosities
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LAT Pulsar Timing

Survey mode observing and large FOV and 
area make for excellent long term timing of 
pulsars discovered

Developed Maximum Likelihood method for 
measuring TOAs from small numbers of 
photons (typically ~100 photons per 2-week 
TOA).  Achieves sub-ms residuals on most 
pulsars

All 26 blind search pulsars timed, plus several 
others where the LAT is better than any 
alternative (e.g. Geminga, PSR J1124–5916)

PSR J1907+0602 (470 µs RMS)

(Ray et al. 2011, ApJS, 194, 17)

Models posted online:
https://confluence.slac.stanford.edu/display/GLAMCOG/LAT+Gamma-ray+Pulsar+Timing+Models
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PSR J2032+4127

The Power of Timing

Improved rotational parameters

Study timing noise and glitches (free 
from any radio propagation effects)

Precise positions, which enable 
multiwavelength follow up!

Sub-ms residuals lead to arcsec 
position accuracy

Green circle is LAT Bright Source List position
Blue ellipse in inset is timing position

28Tuesday, June 7, 2011



Unassociated Sources
630 Sources
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Gamma-ray Sources as Pulsar Search Targets

Many searches were done of 
EGRET unidentified sources

Lots of effort with modest 
success

Hampered by poor 
localizations

For each trial DM, we summed the frequency channels with
appropriate delays to create a time series. The time series was then
Fourier transformed using a fast Fourier transform (FFT), and a
red noise component of the power spectrum (i.e., low-frequency
noise in the data) was removed. This was done by dividing the
spectral powers by the local median of the power spectrum, in-
creasing the number of bins used in the average logarithmically
with frequency. We masked known interference signals in the
power spectrum, corresponding to less than 0.05% of the spectrum,
and used harmonic summing with up to 8 harmonics to enhance
sensitivity to highly nonsinusoidal signals. In the acceleration
search, we were sensitive to signals in which the fundamental
drifted linearly by up to 100 Fourier bins during the course of
the observation, providing sensitivity to pulsars in tight binaries;
the maximum detectable acceleration was amax ¼ 6:8P m s"2,
where P is the pulsar spin period in milliseconds. This is about
40% of the maximum acceleration searched in the Parkes Multi-
beam Survey processing, which used a segmented linear accel-
eration search (Faulkner et al. 2004; Lyne 2005).We estimate that

our acceleration search would have been sensitive to all but one
of the known pulsars in double neutron star binary systems (the
one exception being PSR J0737"3039A). We performed fold-
ing searches around candidate periods and period derivatives
and examined the results by eye. The characteristic signal of
interest was a dispersed, wideband, extremely regular series of
pulsations.
Averaged over the survey, the sensitivity to pulsars in an

RFI-free environment was#0.2 mJy for most periods and DMs
(see Fig. 3). The sensitivity calculation is outlined in Crawford
(2000) and Manchester et al. (2001) and was determined for
a blind FFT search. RFI tends to introduce sporadic, highly
variable red noise in the power spectra, especially at low dis-
persion measures (DM P10 pc cm"3). Therefore, sensitivity
to slow pulsars (P k 200 ms) with low DMs is reduced in a
way that is difficult to quantify. In addition, the DM peaks
of long-period pulsars are broader than those of MSPs and
hence are more difficult to distinguish from zero DM when the
DM is very low. During this first processing run, we discovered

Fig. 2.—Target EGRETsource 3EG J1627"2419, showing the !-ray error box (contour lines), the multibeam survey coverage in our search for radio pulsations (circles),
X-ray emission from the ROSATAll-Sky Survey ( pixelated squares), and 1.4 GHz emission from the NRAO VLA Sky Survey (gray scale) (Condon et al. 1998). The radio
and X-ray images were obtained fromNASA’s SkyView facility (http://skyview.gsfc.nasa.gov). The contours represent 68%, 95%, and 99% uncertainties in the !-ray source
position, and the circles indicate the Parkes half-power beam size. Four tiled multibeam pointings are shown (labeled a, b, c, and d) with 13 beams each. [See the electronic
edition of the Journal for a color version of this figure.]

CRAWFORD ET AL.1502 Vol. 652

Crawford et al. (2006, ApJ, 652, 1499)
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LAT Sources as Pulsar Search Targets

LAT localizations make 
the job MUCH easier!

Vast majority of 1FGL 
sources can have full 
95% confidence region 
covered in a single 
pointing (with the right 
frequency choice)
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Using LAT to Find Radio Pulsars

Best targets are sources with 
low variability and “pulsar-
like” spectra
Used multiple techniques for 
ranking sources

— Visual inspection has been 
best technique

(Abdo et al. 2010, ApJS, 188, 405)
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Success! 33 MSPs found!
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Success! 33 MSPs found!

First discovery not 
in 1FGL catalog 

(GMRT)
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Success! 33 MSPs found!

First discovery not 
in 1FGL catalog 

(GMRT)

Chance coincidence — 
Not associated
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Exciting Discoveries

Many unassociated high-Galactic latitude sources that are non-variable are millisecond pulsars!

At least nine new “Black Widow” systems (only 3–4 previously known outside of globular 
clusters) found in these searches

Much larger fraction than in typical surveys.  Why?

Plus, at least two new “Redbacks” that are eclipsing but with a more massive 
companion (~0.2 Msun). Probably a cousin of the missing link pulsar J1023+0038

Several are very bright and may be great additions to pulsar timing arrays

Since they are all coincident with LAT pulsar-like point sources, we expect to find GeV pulsations 
from them (except one chance coincidence)
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Twelve Now Have LAT Detections!

Ppsr =
Porb =
Mc,min =
Dist 
Age 
B 
Edot 
F(>100 MeV) 
Notes:

3.15 ms
53.6 days
0.28 M⊙◉☉⨀

1.9 kpc
2.8 Gyr

2.4x108 G
2.3x1034 erg/s

8x10–8 ph/cm2/s

3.68 ms
1.86 days
0.19 M⊙◉☉⨀

0.4 kpc
3.1 Gyr

2.6x108 G
1.5x1034 erg/s

1x10–7 ph/cm2/s

3.12 ms
0.42 days
0.014 M⊙◉☉⨀

1.5 kpc
3.6 Gyr

2.1x108 G
1.8x1034 erg/s

5x10–8 ph/cm2/s
Black WidowTwo brightest gamma-ray MSPs

(Ransom et al. 2011, ApJL, 727, L16)
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Future Expectations

Searches of LAT unidentified sources ongoing

2FGL catalog analysis has given us a bunch of new targets

Re-observations are important due to eclipses, scintillation, unknown 
pulsar spectra, RFI, etc...

Radio flux not correlated with gamma-ray so plenty more to find

Timing results take time

Need about a year to get orbit, position, period derivative

Evaluating pulsar timing array potential and getting proper motions (for 
Shlovskii effect) takes longer
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J1544+49 here, below 
2FGL catalog limit!
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Globular Clusters : MSPs Galore

47 Tuc detected as a steady gamma-ray source (Abdo et al. 2009, Science, 325, 845)

About 11 other clusters now detected as well

One recent detection of an MSP in the cluster NGC6624 — This pulsar accounts for all of the observed LAT emission

DeCesar et al. now searching for MSPs in GCs detected by LAT but that have no known MSPs.  One new detection so far!

There are 140 known radio MSPs in 26 GCs.
Paulo Freire/Scott Ransom

http://www.naic.edu/~pfreire/GCpsr.html 
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Summary

Superb sensitivity has enabled phase-resolved spectroscopy and detailed light curve 
studies of the EGRET pulsars

At least 34 new young or middle-aged pulsar detections among known radio 
pulsars

At least 27 gamma-ray millisecond pulsars

26 pulsars have been discovered in blind searches of LAT data

LAT unidentified sources have pointed the way to 33 new radio millisecond pulsars!

2nd Pulsar Catalog in prep --- Should arrive this summer

Lots more to come!
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TEMPO2
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Pulsar Gating Tutorial

http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/pulsar_gating_tutorial.html
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PSRJ           J1231-1411
RAJ             12:31:11.3131569         1  0.00036267481701809421   
DECJ           -14:11:43.62692           1  0.01172184923971937825   
F0             271.4530196103020655      1  0.00000000010345854759   
F1             -1.6842356436993461129e-15 1  5.9372878389853599515e-18
PEPOCH         55100                       
POSEPOCH       55100                       
DMEPOCH        55100                       
DM             8.089783                     0.00050000000000000000   
PMRA           -96.573881413774666324    1  7.72890980047970665859   
PMDEC          -33.566537987050774568    1  18.57410310617809112536  
PX             0                           
BINARY         BT
PB             1.8601438820982435574     1  0.00000000457056002199   
T0             55016.786923229563047     1  0.09236400834581849628   
A1             2.0426329197100693447     1  0.00000157528384070272   
OM             316.12850131667568751     1  17.87555478085431955731  
ECC            4.4374072274803924573e-06 1  0.00000152889659809816   
START          54682.655440881677553     1 
FINISH         55429.787001841814142     1 
TZRMJD         55044.170744582670324       
TZRFRQ         0                        
TZRSITE        coe   
TRES           9.782        
EPHVER         5                           
CLK            TT(TAI)
MODE 1
UNITS          TDB
EPHEM          DE405
NTOA           168

PAR File Example
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Practical Aside:
Assigning Phases to LAT Photons

Science Tool: gtpphase

Limited model complexity

TEMPO2 fermi plugin (by Lucas Guillemot)

Distributed with Tempo2

Works on raw FT1 events file, 
so suitable for phase-selection

Polyco evaluation on geocentered data

Works on geocentered FT1 file

Add PULSE_PHASE column to LAT FT1 (gamma-ray events) file
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Pulsar Timing

Coherent timing over long time baselines is very powerful and precise since every 
cycle is accounted for

Goal: To determine a timing model that accounts for all of the observed pulse 
arrival times (TOAs)

Parameters that can be determined:

Spin (ν, ν´, ... ⇒ torques, magnetic fields, ages)

Orbital (Porb, T0, e, ω, ax sin i, GR terms)

Positional (α, δ, π, proper motion)
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Ideally the signal would look like this:

But there is always some noise:

Often individual pulses are not visible at all:

What the Signal Looks Like
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time

sig
na

l

ΔT

Pulse Time of Arrival:   
TOA = scan start time + ΔT

Measuring a Time of Arrival
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Measuring a TOA

Measure phase shift between 
measured TOA and a template 
profile

Application of the FFT shift 
theorem (and linearity)

TOA = Tobs + Δt

Δtx(t− t0)⇔ X( f )e2πi f t0
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Observatory
Radio

Frequency
Pulse Time
of Arrival

Measurement
Uncertainty

Pulse Times of Arrival

47Tuesday, June 7, 2011



Barycentering TOAs

Arrival times at Earth or spacecraft must be converted to a nearly inertial 
frame before attempting to fit a simple timing model

Remove effects of observer velocity and relativistic clock effects

Convenient frame is the Solar System Barycenter
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Fitting TOAs to a Timing Model

Goal: Find parameter values that minimize the residuals between 
the data and the model

6

Figure 1. Simulating pulsar timing residuals for a pulsar with a proper motion in right ascension of 200 mas/yr using the fake plugin.

whether this parameter should be held constant (0 = default = hold constant; 1 = fit). These labels are described in Table 4.

Examples include:
The pulsar has a spin period of P0 = 1.23456 s, with no fitting required:

P0 1.23456

To fit to this parameter, use

P0 1.23456 1

or with an uncertainty (which is ignored by tempo2)

P0 1.23456 1 0.00003

Other commands may be given in parameter files that control the algorithms used by Tempo2. Tempo2 only requires the
following parameters: PSRJ, DM, F0, PEPOCH, RAJ and DECJ. If no period epoch is provided then the position epoch is

assumed to be the same as the period epoch.

It is also possible to provide the pulsar parameters in the old-style tempo format where the arrival times and the
parameters are given in the same file. In this mode tempo2 is called only using one file, e.g.

tempo2 -gr plk myfile.tempo

where the first line in the file contains flags with ’1’ to indicate that the parameter should be fit and ’0’ for not fitting:

Column Parameter

1 Phase

2 P0

3 P1

4 P2

5 RAJ

6 DECJ

7 PMRA

8 PMDEC

9 A1

10 ECC

11 T0

12 PB

13 OM

φ(t) = φ(0) + νt +
1

2
ν̇t2 +

1

6
ν̈t3 + ...

Fitting Engine

Measured 

TOAs

Solar System 

Ephemeris

Clock 

Corrections

Initial Model 

Parameters

Best Fit Parameters + 

Error Estimates

Residuals to Best Fit

Full model can include spin, astrometric, binary, and other parameters.
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Tools for Fitting Timing Models
Tempo < http://pulsar.princeton.edu/tempo/>

Developed by Princeton and ATNF over 30+ years

Well tested and heavily used

Based on TDB time system

But, nearly undocumented, archaic FORTRAN code

Tempo2 < http://www.atnf.csiro.au/research/pulsar/tempo2/>

Developed at ATNF recently

Based on TCB time system (coordinate time based on SI second)

Well documented, modern C code, uses long double (128 bit) throughout

Easy plug-in architecture to extend capabilities

Time Systems

TAI  = Atomic time based on the SI second

UT1 = Time based on rotation of the Earth

UTC = TAI + "leap seconds" to stay close to UT1 

TT = TAI + 32.184 s

TDB =  TT + periodic terms to be uniform at SSB

TCB = Coordinate time at SSB, based on SI second
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Model timing 
residuals

•  Period: ΔP = 5 x 10-16 s

•  Pdot: ΔPdot = 4 x 10-23

•  Position: Δα = 1 mas

•  Proper motion: 
   Δµ = 5 mas/yr

•  Parallax: Δπ = 10 mas
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sun

Delays of ~500 s due to time-of-flight across the Earth’s orbit.
The amplitude and phase of this delay depend on the pulsar position.

Position known only from timing data 
  ⇒ always need to fit annual terms out of timing solution

  ⇒ a perturbation due to gravitational waves with ~1 yr period cannot be detected
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sun

Other astrometric phenomena:

Proper Motion
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sun

Other astrometric phenomena:

Proper Motion

Parallax

Curved wavefronts→
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PSR J1713+0747 analyzed using 
DE 405 solar system ephemeris

PSR J1713+0747 analyzed using 
previous-generation 

DE 200 solar system ephemeris.  

~1µs timing errors 
  ⇔ 300 m errors in Earth

       position.

Effects of Planetary Ephemeris
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Timing Noise in Young Pulsars
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