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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

Pulsar timing arrays should be able to directly detect nHz gravitational waves

Extreme Magnetism
Magnetospheres are central to most pulsar phenomenology

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

Extreme acceleration
Acceleration, pair creation, and gamma-ray emission in the magnetosphere

Shocks in pulsar winds accelerate particles to >TeV energies

Potential sources of cosmic-ray electrons



Period and Slowdown

Rotational energy loss :

I  : moment of inertia ~1045 g cm²

P : rotation period

2 classes :

Normal Pulsars

Millisecond (“Recycled”) Pulsars

Normal	  radio	  pulsars

Millisecond	  Pulsars



The Large Area Telescope (LAT) on the
Fermi Gamma-ray Space Telescope

Large area: 8000 cm2 area (at 1 GeV)

 Broad band: 20 MeV to >300 GeV

Good localization: 0.6–0.8 deg radius PSF (1 GeV)

Continuous sky survey mode of operation with wide FOV

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

Important Features for Pulsars



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	  -‐	  )



Pulsar Gamma-Ray Emission
Very significant portion of the energy budget (~10% or more)

Visible from many radio-quiet pulsars

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 and geometry

Gamma-ray observations can help 
disentangle the geometry of pulsar 
magnetospheres and emission regions

Need many examples to probe different conditions

Extra power when combined with radio polarization

See upcoming talks by Timokhin and Kerr



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, Chandler et al. 2001)

• Blind searches for pulsations directly in the gamma-ray data
Spectacularly successful for young pulsars
Really hard for MSPs! 

• Radio pulsar searches of LAT unidentified sources
Sensitivity to MSPs, binaries, very noisy pulsars

+ New: Optical studies of LAT source locations to find binary pulsar counterparts
Still need a blind frequency search to detect pulsations

See upcoming talk by Pletsch!



LAT Pulsar Population Explosion

MSPs confirmed as as 
GeV pulsars

Large population of pulsars 
found in blind searches

First globular cluster GeV 
pulsar

117 LAT-detected pulsars in 2PC



Spectra Light Curves

Luminosities Correlations

Fermi Second Pulsar Catalog (2PC)

All data, including spectral and light curve points to be available online

Preliminary Preliminary

Preliminary

Preliminary
Preliminary



117 Gamma-Ray Pulsars



Distances

``Anatomically correct Milky Way’’
Reid et al, ApJ 700, 137 (2009)

Major effort to evaluate best 
distances for each pulsar

and include Shklovskii effect on 
measured parameters

Preliminary



Beyond 2PC

Currently up to 121 publicly-announced detected pulsars

Where are the new discoveries coming from?

Follow up timing of PSC MSPs

New blind search pulsars

Faint radio pulsars finally crossing the 5-sigma threshold

Multiwavelength studies of LAT unassociated sources

Current list available at:
https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars



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
See talk by R. Shannon in pulsar session



Bright gamma-ray pulsars with Fermi

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
Many pulsars have sub-exponential phase-
averaged spectra from superposition of 
range of exponential cutoffs. Phase 
resolved spectroscopy is 
important for proper modeling.

See posters by M. DeCesar and N. Renault

Preliminary



MSPs: A Variety of Pulse Profiles

Aligned type have the highest magnetic field at the light-cylinder

More degrees of freedom required in light curve fits (PSPC and altitude limited models)

See posters by T. Johnson and N. Renault
see also Espinoza et al. 2012, submitted

Normal Aligned Wide

Preliminary
Preliminary

Preliminary



Upcoming Results on Radio Pulsars

More pulsars crossing 5-sigma threshold

Tighter constraints on `sub-luminous’ pulsars

More counts enabling phase-resolved spectroscopy on more pulsars

Reprocessed LAT data enables new detections including Globular Cluster MSPs

 See talks by T. Johnson and J. Wu in pulsar session

Pushing to low energy for low cutoff pulsars like B1509–58

See poster by P. den Hartog



Blind Searches

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

Semi-coherent methods have been developed (Atwood et 
al. 2006; Pletsch et al. 2012) that maintain good 
sensitivity with greatly reduced computational 
requirements

Resulted in 36 discoveries in first 3 years of data (Abdo et 
al. 2009, Saz Parkinson et al. 2010, 2011; Pletsch et al. 
2012a,b)

Young to middle age pulsars, Ė ~ 1033.5 – 1037

Nearly all (32/36) are undetectable in radio
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New Territory for Blind Searches

Millisecond Pulsars

See Pletsch talk!

Galactic Center searches

See Saz Parkinson poster

More integration time for deeper searches

More computer power/new computational techniques (e.g. fully coherent 
searches and E@H distributed computing)



Using LAT to Find Radio Pulsars

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

2FGL Catalog (Nolan et al. 2012)

More details on ranking of “pulsar-likeness”:
Ackermann et al., ApJ 753, 83 (2012)
Lee et al., MNRAS 424, 2832 (2012)



J1124-3653 & J1124–36

J1142+0119
J1301+0833

J1312+0051
J1231–1411

J1302–32
J1551–06

J1628–32

J1630+37

J1816+4510
J0533+67

J0307+7443
J0605+37

J0340+4130

J0102+4839

J2215+5135

J2214+3000

J0023+0923

J2047+1053

J2129–0429

J1858–2216

J0614–3329

J00621+25

J1103–5403

J0101–6422J2241–5236

J1902–5105

J2234+0944
J1902–70

J1658–5324J1747–4036

J1514–4946

J1745+1017

J1810+1744

J1544+4937

J1828+0625

J1646–2142
J1207–5050

J1536–4948

J2302+4442 J2043+1711 J2017+0603

Nançay Radio Telescope (France) CSIRO Parkes Telescope (Australia)

Giant Metrewave Radio Telescope (India)

Effelsberg Radio Telescope (Germany)

NRAO Green Bank Telescope (USA)

Millisecond Radio Pulsars Discovered in Searches of Fermi Gamma-Ray Sources

Success! 43+ MSPs found!
First discovery not 

in 1FGL catalog 
(GMRT) Chance coincidence — 

Not associated with LAT 
source

Ray et al. 2012 (arXiv:1205.3089)

Striking fact: 10 ‘black widows’ + 3 ‘redbacks’ out of 43 MSPs
+ new BW J1311-3430

See poster by S. Sanpa-Arsa



Prospects

Searches of LAT unidentified sources ongoing

Ongoing catalog analysis yields 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 patience

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

Evaluating pulsar timing array potential and getting proper motions (for 
Shlovskii effect) takes even longer
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X-ray + Optical Studies of UNIDs

Bright unassociated sources subjected to deep X-ray, 
optical and radio imaging observations to look for likely 
counterparts

Only a handful of bright ones remain

Recently, two found to be potential radio-quiet MSPs based 
on optical observations

Orbital periods identified in optical

J2339+0533 : Porb = 4.6 hours

J1311–3430 : Porb = 1.56 hours

Are there any radio-quiet MSPs?

Both have been searched hard for LAT pulsations

2 Romani & Shaw

FIG. 1.— HET/SSO/WIYN measurements of J2339−0533. Upper panel:
white light photometry (normalized to SDSS r). The curve gives the best-fit
ELC model fit. Middle panel: WIYN SDSS band color photometry and ELC
models. Lower panel: radial velocity measurements. Symbols indicates the
MK class of the best-fit cross-correlation template. Curves show the model
radial velocity for the Center-of-Light (solid) and Center-of-Mass (dashed)
from the ELC fit. The dotted line shows 10× the non-linear RV1 variation
10(RV1 − 0.9K1sin(i)).

Since the target is very bright, we obtained additional pho-
tometry with the 0.61m Cassegrain telescope at the Stan-
ford Student Observatory (SSO) on Aug. 28, 2011 (MJD
55801.287 – .399) and Oct. 20, 2011 (MJD 55855.140 –
.381). Using 300 s unfiltered CCD exposures with an Apogee
AP8 camera, we made differential flux measurements, again
normalized to SDSS r′ magnitudes. These data helped in ab-
solute phasing and improving the binary period estimate.
Finally, we obtained SDSS g′r′i′ frames at the 3.6mWIYN

telescope using the MiniMo camera on Sept. 27, 2011
(55832.290 – .424). These data, covering inferior conjunc-
tion, were used to constrain the color variation through mini-
mum (inferior conjunction IC).
After converting exposure midpoint times to the solar sys-

tem barycenter, we minimized residuals to obtain an accurate
orbital period (Table 1, errors from bootstrap). The epoch
(jointly fit with the radial velocity data, see below) defines su-
perior conjunction (approximately maximum light). The pho-
tometric data folded at this period are shown in figure 1.

2.2. Archival X-ray Light Curve
We used this ephemeris to extract an X-ray light curve

from the archival 21 ks CXO ACIS-I exposure of the 0FGL
J2339.8−0530 field taken on Dec 13, 2009 (MJD 55117.54,
obs 11791, T. Cheung PI), covering 1.25 orbits. Figure 2
shows the exposure-corrected light curve. The source is
clearly modulated, with a relatively constant emission from
phase -0.25 to 0.25, and a deep minimum at inferior conjunc-
tion (phase 0.5). The source is, however, detected at mini-
mum.

FIG. 2.— Two periods of the X-ray orbital light curve of J2339−0533.
Statistical errors on the bin exposure-corrected count rate are shown during
the first period. A simple 1.5-8 keV/0.5-1 keV hardness ratio is plotted (right
scale) during the second period.

A simple absorbed power-law fit to the phase-averaged
data gives a hard index Γ = 1.09+0.40

−0.13 and no significant
absorption NH < 1.6 × 1021cm2 with a (0.5-8keV) flux
2.3+1.2

−0.3 × 10−13erg cm−2 s−1 (all 90% errors). Lacking
counts for a phase-resolved spectral analysis, we can extract
a simple hardness ratio. Intriguingly, this is lowest at φ = 0.5
(IC), suggesting that the hard spectrum source dominates near
SC, but is deeply absorbed or eclipsed revealing a softer com-
ponent at IC. Deeper X-ray observations are clearly needed to
probe the orbital spectral variations.

2.3. Spectroscopy
For the spectroscopic exposures we used the HET LRS, em-

ploying grism 2, with a GG385 filter and a 1.5 arcsec slit. This
covered λλ4283-7265Å, at a resolution of 1.99Å/pixel, for an
effective R ∼ 1000− 1200. All observations were taken with
the slit at the parallactic angle and we limited exposures to
600 s to minimize velocity smearing to < 35km/s. The HET
pupil varies as the corrector tracks across the primary, so sig-
nificant changes in the PSF and hence in the line profile of
stellar sources occurs at the extrema of the tracks. Since we
are seeking maximal radial velocity accuracy, velocities from
observations very early or late in a transit may be compro-
mised. For most HET visits, we were able to obtain 3–4 600 s
exposures; however a few exposures were taken far from the
track center and were omitted from the orbital velocity fits.
J2339−0533 lies relatively near the HET’s DEC=-11◦ south-
ern limit. It is thus possible to extend visit times by reset-
ting the telescope azimuth during the exposure sequence. On
Sept. 1, 2011, we obtained such a ‘long track’ re-setting the
azimuth twice and allowing 9× 600s exposure to be obtained
(spanning ∼ 2 hours or 0.42 of orbital phase) with only mod-
est tracker excursion. Thus, under favorable circumstances,
the HET can obtain extended integrations during a single visit
at the cost of queue efficiency. In total 48×600 s exposure
were obtained during one month of queue observations un-
der variable conditions, equivalent to a full night of classical
observation.
Data reduction was performed with the IRAF package

(Tody 1986; Valdes 1986) using standard techniques. Biases,
dome flats and arc lamp exposures were obtained nightly. All
data were bias subtracted, and flat fields were applied after
removal of the lamp response. Arc exposures were used for
wavelength calibration. Checks of the sky lines showed that
these solutions were stable to ∼ 0.3Å during a single visit

Romani et al. 2011, ApJL, 743, 26See upcoming talks by Romani and Pletsch and poster by Kataoka

J1311–3430



Breaking News: J2339-0533!

2.88 ms pulsations discovered in 1.6hr 
GBT observation at 820 MHz

DM 8.72 gives D=450 pc

Measured semimajor axis 0.611 lt-s, 
larger than expected

MC > 0.26 M⊙◉☉

Redback, not black widow

(Ray et al. 2012, in prep)



Going Forward

More detailed multiwavelength studies of J2339 and J1311 and all of the new 
crop of black widow/redback MSPs that LAT is seeing

See Romani talk

Identification of additional systems through optical and X-ray studies of LAT 
unassociated sources

Several groups pursuing this strategy



Summary
2nd Pulsar Catalog near complete with complete details on 117 
gamma-ray pulsars

Will be exploited for many follow-up studies of populations, pulse profiles, spectra and much more

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

Multiple methods have yielded a bounty of pulsars in 3 categories: radio-loud, radio-quiet, MSP

Lots more to come:

Blind-search millisecond pulsars

More detected radio pulsars

More MSPs in searches of LAT sources



Pulsar Varieties in 2PC

117 LAT-detected pulsars

77 young or middle-aged 40 millisecond pulsars

41 radio loud 36 radio quiet 0 radio quiet 40 radio loud

25 found in LAT 
sources

15 found in 
radio surveys

1 [+1] in 
globular clusters

[1] in globular 
cluster

See poster by DeCesar
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