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Pulsars are Extreme Objects!

B = 1012-1015 G!

νspin > 716 Hz 
vt = 0.2 c!

R = 12 km 

M = 1.4 MSun!

They are fascinating physical laboratories!

Pulsars are extreme stars

...and outstanding physics labs



100,000,000 NSs

2,500
Radio
Pulsars

30   magnetars
8    XDINS

300
MSPs

15   DNSs

14   AMXPs

Only 0.01% of Galactic 
neutron stars show 

detectable pulsations



Pulsars are 
cosmic 

lighthouses



General assumptions:

Spin-down Luminosity

• ~ 100% pair-plasma wind
• ~ 0.1% g-rays
• ~ 0.01% X-rays
• ~ 0.000001% optical
• ~ 0.0000000001% radio

Energy budget



Pulsars are precision clocks

Bill Saxton / NRAOSee talk by Tiburzi



Pulsar Science
Emission physics

Extreme magnetic fields

Binary & stellar evolution

Supernova explosions

Super!dense matter

Gravity

Kramer & Stappers 2015
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Scattering Dispersion

Observed
signal

Emitted signal

Propagation Effects

A hindrance but also a help



140 MHz

50 MHz

Hassall Stappers, JH et al. 2011



2017
Super-

computer



LOFAR Pulsar Census
LOFAR has detected >250 pulsars so far

Bilous et al. 2016 Pilia et al. 2016



Why Pulsars at < 300MHz

• Steep spectral indices
• Spectral turnover
• Profile evolution
• Moding

Emission mechanism

Interstellar medium

Surveys

• Precision dispersion measure
• Scattering
• Precision rotation measures
• “Scintellometry”

• Huge field-of-view
• Ultra-steep-spectrum sources



Low-Freq Pulsar Telescopes

Arecibo MWA LWA

GMRT GBT LOFAR
India West Virginia Netherlands

Australia New MexicoPuerto Rico



Pulsar magnetospheres 
& moding
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Moding Pulsars

LWA



X-rays weak
“B-Mode”

“Q-Mode”

Radio strong

X-rays strong

Radio weak

Radio/X-ray moding in B0943+10

Hermsen et al. 2013



Probed this more deeply using a 4x longer campaign

Radio/X-ray moding in B0943+10



Mereghetti et al. 2016

Evolving modes in B0943+10

LOFAR data LWA data



Bilous et al. 2014

Evolving modes in B0943+10

Increase in X-ray pulse fraction during 
B-mode?

Systematic profile drift during B-mode

Mereghetti et al. 2016



Mode-switching in PSR B0823+26

Discovery of a 170x 
fainter Quiet-mode

Successful 
radio/X-ray 

campaign in Spring 
2017

Sobey et al. 2015



Hassall et al. 2012



Pulsar magnetospheres
T. E. Hassall et al.: Wide-band Simultaneous Observations of Pulsars
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Fig. 10. A fit to the relative positions of the components of PSR
B0329+54, which show a lot of asymmetry. The outer cone (bold line)
is skewed towards earlier pulse longitudes and both of its components
fade at very di↵erent rates. The inner cone (dashed line) is skewed in the
opposite direction and again shows di↵erent spectral indices for each
side of the cone. Models are less reliable in the LBAs (< 100 MHz)
where the pulse profile is a↵ected by scattering.

(1983b) found similar absorption features in at least eight other
pulsars.

PSR B0809+74 has two overlapping components, which are
normally thought to be conal. In accordance with this thinking,
we fitted the data from the simultaneous observations (marked
with arrows in Figure 11) with two Gaussian components and set
our fiducial point as the midpoint of the profile. This model pro-
duced large systematic errors in the TOAs at di↵erent frequen-
cies. On a closer examination of the profiles, the reason for the
timing errors became apparent, the separation of the components
cannot be modelled as a simple power law. In the observations
at 1400 MHz the components get closer together as frequency
decreases, whereas in the low frequency data they move further
apart.

In a second model, we used three components, one central
component, a precursor and a postcursor. The narrower, central
component is taken as the fiducial point of the profile. At high
frequencies the precursor (component 1 in Figure 11) moves to-
wards the central component. Somewhere in the frequency range
200–1000 MHz (which was not present in the simultaneous ob-
servations) this component fades. Then, in the low frequency
data, the third component appears and begins to move away from
the central component, towards later pulse phase.

The precursor and the postcursor in this model have the same
width and their positions can both be modelled by a single power
law (see Figure 12). This suggests that the two components may
instead be a single component, which drifts through the pulse
profile.

In our final model (see Figure 11), we used two Gaussian
components, a narrow component (component 2), which is the
fiducial point of the pulse profile, and a broader component
(component 1), which starts as a precursor in the high frequency
observations and drifts through the pulse profile, arriving at a
later phase (as a postcursor) at low frequencies. Using the nar-
row component as a fiducial point removes the systematic errors
from TOAs, which provides strong verification of this model.

Further evidence in favour of this model comes from
archival pulse profiles from the European Pulsar Network

Fig. 11. The model used to produce the dynamic template of PSR
B0809+74. The model consists of two Gaussian components. The peak
of the narrower component is the fiducial point of the observation and
the broad component drifts through the pulse profile. The two compo-
nents and the final model are plotted in black, and compared to data,
which is plotted in grey. The simultaneous observations (used to create
the model) are indicated by arrows. Pulse profiles at 410 MHz, 606 MHz
and 925 MHz are from the EPN database and the low frequency (10–
60 MHz) pulse profiles are from a recent observation with the LOFAR
superterp.14
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van Haarlem et al. (2013)

DM law works to 1/100,000



Probing the ISM

See also talks by Tan & Bassa



Cyclic Spectroscopy

Horizontal bars indicate scattering time, τ, as 
inferred from the diffractive bandwidth, �⌫d =

1

2⇡⌧

van Haarlem et al. (2013)

Archibald et al. 2014



Cyclic Spectroscopy

Example dynamic spectrum
Smoothed to ~2kHz resolution

200kHz

�⌫d =
1

2⇡⌧
Solid line: best-fit power-law

Dotted line: power-law of -4

Diffractive bandwidth vs. frequency

Probes scattering in a 
previously unreachable regime

Archibald et al. 2014



Pulsar Timing Array
nanoHZ gravitational waves

Sesana



Pulse echoes from the ISM

Echoes are from refraction by 
structures in the ISM.

Nature of structure is still 
debated.

PSR B2217+27

Also seen in PSR B1508+55.

Michilli et al., in prep.



Pulse echoes from the ISM

Similar phenomenon 
previously seen in the 

Crab Pulsar.

Origin: narrow filaments in 
the Crab Nebula.

Michilli et al., in prep.



Pulsar Polarimetry

LOFAR 
data

Bilous Noutsos et al. 2015



Pulsar RM Catalog

LOFAR RMs

ATNF catalog RMs

57 new RMs and 71 
significantly more precise

Sobey



Pulsar Searches

See also talks by Tan & Bassa



Observing/Processing

• Processing on Cartesius: 3hrs/pointing/24-core node.
• ~2PB of data collected and archived.
• Also started coherent dedispersion searches on DRAGNET GPU cluster.

Cartesius



Exotic Pulsar Systems

Bailes et al. 2012

“Diamond Planet”

First exoplanets
Wolszczan et al. 1992

Galactic Center Magnetar
Eatough et al. 2013

“Double Pulsar”
Lyne et al. 2004

PSR-BH
“The Holy Grail”

Someone et al. 20??



LOTAAS

219 coh. beams

3 incoh. beams

LOFAR Tied-Array All-Sky Survey

LOFAR “Superterp”
(innermost 12 HBA 

sub-stations)

Jason Hessels, Sotiris Sanidas, Vlad 
Kondratiev, Sally Cooper, Daniele Michilli, 
Chia Min Tan, Cees Bassa, Ziggy Pleunis, 

Joeri van Leeuwen + LOFAR PWG

LOTAAS Collaboration

http://www.astron.nl/lotaas



See 
poster by 
Michilli

Find sporadic sources

6 bright bursts 
in 1hr



Cooper

Find low-lum nearby sources

P = 476ms
DM = 6.5pc/cc
d ~ 0.5kpc

Tan

P = 33ms
DM = 3.0pc/cc
d ~ 0.1kpc



A complementary population

Cooper



Millisecond pulsars

See also talks by Polzin & Bassa



Millisecond Pulsars

The  premier low-frequency sample

~50 MSPs 
detected

Kondratiev et al. 2016



Find millisecond pulsars
Many of the fastest-spinning MSPs have ultra-steep spectra

J1810+1744 - 1.66ms B1937+21 - 1.56ms

Bassa et al. 2016 Kondratiev et al. 2016

0.5Jy at 
135MHz!
α ~ -2.6

Scattered out 
for LOFAR
α ~ -2.6Fr

eq
ue

nc
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Eclipsing pulsars
 Rotational Phase: 0 - 1.69ms
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Millisecond Pulsar J1023+0038
Observed for a full orbit at 92cm with WSRT

Zoom of “mini eclipses” 
and eclipse delays

Cumulative Pulse Profile
~10 million pulses summed

Eclipse
Ingress

Eclipse
Egress

Pulsar in the main eclipse
~50% of the orbit at 92cm

Artist’s Impression: Bill Saxton (NRAO)

Hessels; Archibald et al. 2013

Westerbork
full orbit

observation 
at 350MHz

See also talk by Polzin



Fermi
Gamma-Ray Space 

Telescope



First LOFAR Millisecond Pulsar 
Discovery

With coherent 
dedispersion

Without coherent 
dedispersion Pleunis et al., submitted

~2mJy at 
135MHz
α ~< -2.6

First pulsar 
found < 
200MHz



Ultra-dense matter
?

2MSun Pulsar

716Hz Pulsar

Neutron star equation-of-state

12km

Demorest et al. 
2010

Hessels et al. 
2006



Summary

Low-frequency radio pulsar observations:
• Probe pulsar magnetospheres.
• Probe the interstellar medium.
• Find pulsars, especially millisecond 

pulsars, missed at higher frequencies.


