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• Why? Galactic magnetic field (GMF)	

• What? pulsars	

• How? Faraday rotation measures	

• Where? low-frequencies using 
LOFAR & MWA	

• When? 

OVERVIEW
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[Berenice Abbott][NASA/WMAP]

Now!
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MOTIVATION
• GMF permeates the diffuse ISM	

• Large-scale, ordered and…  	

• …Small-scale, random fields	

• In the disk: data suggest overall 
clockwise direction, but number and 
location of field reversals debated	

• In the halo: reversal across Galactic disk, 
but even less well studied in 3-D	

• No reversals in other galaxies!	

• As foreground to EoR: synchrotron, 
Faraday rotation…  
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[van Eck et al. 2011]

[van Eck et al. 2011]

[Han et al. 2006]
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OBSERVABLES INFER MAGNETIC FIELDS
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• Observables (complementary): 

• Zeeman splitting 

• Synchrotron (I and P) 

• Starlight (P) 

• Thermal dust emission (P) 

• Ultra-High Energy Cosmic Rays 

• Faraday rotation measures! 

• Mostly 2-D tracers, strength/direction, requiring ancillary data
[ESA/Planck collaboration /M.-A. Miville-Deschênes/CNRS]

[Reich 1982; Wolleben et al. 2006; Testori et al. 2008]
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PULSARS… 
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Rapidly-rotating, highly-magnetised neutron stars
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PULSARS… AS PROBES OF THE ISM
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• Dispersed pulses measure electron density

Dispersed signal dedispersed  (corrected)

Pulse profile 

86 Effects of the interstellar medium

Here ne is the electron number density, while e and me are the charge
and mass of an electron respectively. For the ISM, we find that typically
ne ∼ 0.03 cm−3 (see, for example, Ables and Manchester (1976)), so
that fp � 1.5 kHz. We note from Equation (4.1) that a wave will
not propagate if f < fp. This fact is sometimes used to constrain the
plasma density in a pulsar magnetosphere or the location where the radio
emission leaves the magnetosphere (Ruderman & Sutherland 1975).

4.1.1 Dispersion

From Equation (4.1) we note that µ < 1. It follows therefore that the
group velocity of a propagating wave vg = cµ is less than the speed of
light c. Consequently, the propagation of a radio signal along a path of
length d from the pulsar to Earth will be delayed in time with respect
to a signal of infinite frequency by an amount

t =
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Substituting vg = cµ, and noting that fp � f to approximate µ, we find
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where the dispersion measure

DM =
Z

d

0
ne dl (4.5)

is usually expressed in cm−3 pc and the dispersion constant

D ≡ e2

2πmec
= (4.148808± 0.000003)× 103 MHz2 pc−1 cm3 s. (4.6)

Note that the uncertainty in D is determined by the uncertainties in
e and me. Throughout the rest of this book, we will often write the
approximate numerical factor of 4.15 for convenience, but recommend
using the full precision in D in practice1. With this in mind, the delay
between two frequencies, f1 and f2 both in MHz, is

∆t � 4.15× 106 ms × (f−2
1 − f−2

2 )×DM. (4.7)

1 Note that our definition is the reciprocal of that introduced by Manchester and
Taylor (1972), i.e. 1/D ≡ 2.41× 10−4 MHz−2 pc cm−3 s−1.
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PULSARS… AS PROBES OF THE ISM
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• Often highly (linearly) polarised - allows Faraday rotation measurements

88 Effects of the interstellar medium

cause of Faraday rotation. The differential phase rotation between left
and right circular polarisations

∆ΨFaraday =
Z

d

0
(kR − kL) dl, (4.10)

where kL and kR are the wavenumbers of the left and right circularly
polarised wave, respectively. Since f � fp and f � fB, we find:

∆ΨFaraday =
e3

πm2
ec

2f2

Z

d

0
neB|| dl. (4.11)

In addition, as the polarisation position angle (PPA), (see Chapters 3
and 7) is periodic on π rather than 2π for phase, the change in PPA

∆ΨPPA = ∆ΨFaraday/2 ≡ λ2 × RM, (4.12)

where λ is the wavelength, and we define the rotation measure

RM =
e3

2πm2
ec

4
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The measurement of both RM and DM gives the average magnetic field
strength along the line of sight weighted by electron density:
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As we discuss below, the electron density ne is not homogeneous through-
out the Galaxy. Regions of enhanced electron density (e.g. HII regions
along the line of sight) produce an unequal weighting and can contribute
significantly to the measurement of

≠

B||
Æ

. Also, if the direction of the
magnetic field changes, represented by a sign change in the contributing
B||, the average value,

≠

B||
Æ

, is a poor reflection of the true situation.
An interpretation of derived magnetic field strengths therefore should be
made with care (see, for example, Mitra et al. (2003) and Chapter 7).

4.2 Propagation through a turbulent medium

In the discussion so far, we have described the propagation of pulsar sig-
nals assuming a homogeneous ISM. In reality, the electron density is not
homogeneous but shows variations in concentration on a wide range of
length scales. In addition to temporal variations in dispersion measures
(see Figure 4.1), these changes in concentration also distort and scatter
the pulse shape. A relative motion between the pulsar, the scattering

[Noutsos et al. 2015]

I 
L 

• Negligible ‘internal’ 
Faraday rotation 
especially at low-
frequencies (e.g. 
Wang at al. 2011)
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PULSARS… AS PROBES OF THE ISM
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Previous work, e.g.:	
Manchester 1972;	
Manchester1974; 	

Rand & Lyne 1994; 	
Han et al. 1999, 2006; 
Noutsos et al. 2008,	
van Eck et al. 2011

• Distributed throughout Milky Way (extragalactic sources provide entire LoS)	

• Distances known (parallax) or estimated (DM distance with ne model)
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PULSARS… AS PROBES OF THE ISM
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PULSARS… AS PROBES OF THE ISM
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PULSARS… AS PROBES OF THE ISM
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• Distributed throughout Milky Way (extragalactic sources provide entire LoS)	

• Distances known (parallax) or estimated (DM distance with ne model)

Previous work, e.g.:	
Manchester 1972;	
Manchester1974; 	

Rand & Lyne 1994; 	
Han et al. 1999, 2006; 
Noutsos et al. 2008,	
van Eck et al. 2011
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PULSARS… AS PROBES OF THE ISM

12

• Distributed throughout Milky Way (extragalactic sources provide entire LoS)	

• Distances known (parallax) or estimated (DM distance with ne model)

• Currently:            
2613 known pulsars, 
732 (28%) have 
published RMs
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RECENT LOW-FREQUENCY RENAISSANCE
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LOFAR	
Low-frequency Array	
10-90, 110-240 MHz	

van Haarlem et al. 2013	
Stappers et al. 2011	

MWA	
Murchison Widefield Array	

80-300 MHz	
Tingay et al. 2013	

Tremblay et al. 2015	

LWA	
Long Wavelength Array	

20-80 MHz	
Kassim et al. 2010	
Stovall et al. 2015
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LOFAR (LOW-FREQUENCY ARRAY)
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LOFAR

• 100-
250 
MH
z

•

HBAs
100-250MHz

(2x)24x

The High-Band Antennas (HBAs)
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4186Hz

2400MHz

LOFAR

15MHz

27.5Hz

240MHz

[Jason Hessels]

Cambridge

LOFAR’S WIDE BAND (2.0)
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LOFAR’S INSTRUMENT MODES
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Interferometer		 	 and/or	    tied-array beamformer

PSR B0329+54

1 s time resolution 1 ms time res.

[George Heald] [Jason Hessels]
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LOFAR PULSAR WORKING GROUP
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Jason Hessels (co-lead; ASTRON/UvA) 	
Ben Stappers (co-lead; Manchester)	
!
Anya Bilous (Amsterdam)	
Rene Breton (Manchester)	
Thijs Coenen (UvA)	
Sally Cooper (Manchester)	
Heino Falcke (Nijmegen)	
Jean-Mathias Grießmeier (LPC2E & CNRS)	
Tom Hassall (Southampton)	
Aris Karastergiou (Oxford)	
Evan Keane (SKA)	
Vlad Kondratiev (ASTRON)	
Michael Kramer (MPIfR)	
!

!
!
Masaya Kuniyoshi (NAOJ)	
Aris Noutsos (MPIfR)	
Stefan Olslowski (MPIfR & Bielefeld)	
Maura Pilia (Sardinia)	
Maciej Serylak (Cape Town)	
Charlotte Sobey (ICRAR-Curtin & CASS)	
Sander ter Veen (ASTRON)	
Joeri van Leeuwen (ASTRON)	
Joris Verbiest (Bielefeld/MPIfR)	
Patrick Weltevrede (Manchester)	
Kimon Zagkouris (Oxford)

[See Stappers et al. 2011 for description of LOFAR’s pulsar modes]
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LOFAR MAGNETISM KEY SCIENCE PROJECT
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George Heald (co-lead; CSIRO) 	
Anna Scaife (co-lead; Manchester)	
	 	
Full members:	
Björn Adebahr (ASTRON)	
James Anderson (GFZ Potsdam)	
Rainer Beck (MPIfR)	
Mike Bell	
Annalisa Bonafede (Hamburg)	
Michiel Brentjens (ASTRON)	
Ger de Bruyn (ASTRON/Kapteyn)	
Chris Chyzy (Kraków)	
Alex Clarke (Manchester)	
Ralf-Jürgen Dettmar (Bochum)	
Torsten Enßlin (MPA)	
Andrew Fletcher (Newcastle)	
Marijke Haverkorn (Nijmegen)	
Cathy Horellou (Onsala)	
Andreas Horneffer (MPIfR)	
!

!
!
Marco Iacobelli (ASTRON)	
Henrik Junklewitz (Bonn)	
Wojciech Jurusik (Kraków)	
Jana Köhler (MPIfR)	
David Mulcahy (Manchester)	
Blazej Nikiel-Wroczynski (Kraków)	
Aris Noutsos (MPIfR)	
Emanuela Orru (ASTRON)	
Rosita Paladino (IRA Bologna)	
Roberto Pizzo (ASTRON)	
Wolfgang Reich (MPIfR)	
Katharina Sendlinger (Bochum)	
Charlotte Sobey (ICRAR-Curtin & CSIRO)	
Sarrvesh S. Sridhar (Groningen/Kapteyn)	
Valentina Vacca (MPA Garching)	
Cameron Van Eck (Nijmegen)

[See Beck et al. 2013 for LOFAR’s view of cosmic magnetism]
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LOFAR POLARISATION PROFILES
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• LOFAR’s large fractional bandwidth and collecting area produce high-
quality polarisation profiles of pulsars below 200 MHz (105—197MHz)

[Noutsos et al. 2015]

A. Noutsos et al.: Pulsar Polarisation Below 200 MHz

Fig. 5: The polarisation profiles of 20 pulsars observed with the LOFAR core at ⇠ 150 MHz. In each profile, the flux density of the
total (black lines), linearly polarised (red lines) and circularly polarised emission (blue lines) is shown in arbitrary units normalised
to unity. Above each flux profile, the profile of the polarisation angle (PA) of the linearly polarised emission is shown. Only PA
values corresponding to phase bins having a signal-to-noise ratio in linear polarisation of (S/N)L > 3 are shown. Above the PA
profiles, we show the values of the first derivative of the PA with respect to �2, calculated within our band, at the phases of the PAs
with (S/N)L > 5 (see section 6). As a reference, the published value of RM is indicated with a dashed, grey line, when it resides
inside the plotted range. For PSRs J0034�0534 and B2111+46, we have not detected linear polarisation of astrophysical origin
(see section 8.3.1). For 15 pulsars, the phase of the emission assumed to be generated nearest to the magnetic pole is shown with
a vertical, dashed line. The phase at the steepest PA gradient is shown with a vertical, dotted line, determined from RVM fits to
the PAs (green lines). For some pulsars, the PA values shown in grey were zero-weighted to improve the RVM fit (see Section 7
for details). The reduced �2

RVM of each RVM fit is shown for each profile. The temporal resolution and the o↵-pulse RMS of each
profile are shown near the bottom, left corner of the pulse profiles, with a square of corresponding dimensions. Finally, the weak
interpulse of PSR B0950+08 is shown in the inset box, magnified 50⇥.

1400 MHz profile of PSR B1237+25, which came from observa-
tions with Arecibo (J. Rankin, priv. communication). In addition,
the 1400 MHz profiles of the MSPs PSR J1012+5307 and PSR
J1022+1001 came from observations by Xilouris et al. (1998),
with the E↵elsberg telescope, and by Yan et al. (2011), with the
Parkes telescope, respectively.

For the purpose of presenting multi-frequency profiles in a
way that allows direct comparison, we attempted to align the
profiles across the di↵erent frequency bands mentioned above,
based on components that were present and clearly identifi-
able at all frequencies. The alignment of profiles from di↵er-
ent telescopes and observing systems is non-trivial because of

Article number, page 9 of 27
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LOFAR OBSERVATIONS OVERVIEW
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• HBA pulsar census (Bilous et al. 2016):	

• Large set of 195 pulsars (158 detected), |b|>3°, dec>+8°	

• 149 MHz, 78 MHz bandwidth, >= 20-minute integrations	

• Millisecond pulsar (MSP) census (Kondratiev et al. 2016)	

• Dedicated observations of pulsars with independent parallax distances	

• Pulsar survey discoveries (~60; LOTAAS; Sanidas et al., in prep.)	

• HBA timing (regular ~monthly observations)
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‘NORMAL’ & MSP CENSUS PROFILES
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[Bilous et al. 2016]

A&A 585, A128 (2016)

Fig. 1. LOFAR total-intensity pulse profiles for all detected MSPs from the best (highest S/N) individual observations. The horizontal axes show
the pulse phase, and the vertical axes are the flux density in arbitrary units.

A128, page 8 of 27 [Kondratiev et al. 2016]

I 

• 158 ‘slow’ pulsars detected 	 • 48 MSPs detected
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MEASURING RMS USING RM-SYNTHESIS
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• Using Stokes Q,U(λ2) (Burn 1966; Brentjens & de Bruyn 2005)	

• LOFAR HBA data gives noiseless RMSF FWHM150MHz~ 0.8 rad/m2
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10x lower frequency: ~100x more precise!
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FARADAY SPECTRA EXAMPLES
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Rotation measure (-100—100 rad/m2)
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IONOSPHERIC RM CORRECTIONS

24

• Also a magneto-ionic medium	

• Introduces time & position 
dependence to the RM	

!

• ionFR (Sotomayor-Beltran et al. 2013) 
calculates ionospheric RM(LoS) using 
publicly available:	

• Total electron content (TEC) maps	

• International Geomagnetic 
Reference Field (IGRF)
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IONOSPHERE
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• LOFAR RMs and ionospheric 
RM comparison	

• Accuracy ~0.1 rad/m2 or 
0.005uG (now limited by 
ionospheric RM subtraction)

[Sotomayor et al. 2013]
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FARADAY ROTATION SKY
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• LOFAR HBA RMs             
(Sobey et al. in prep.,        
~200 squares)	

• Current pulsar RM catalogue 
(Manchester et al.  2005,    
680 circles)	

• Extragalactic sources 
(Oppermann et al. 2014, 
background)
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LOFAR PULSAR RM RESULTS
• Catalogue of ~200 RMs: between ±5uG with <σ>=0.5% fractional error	

• ~90 new, others 30x more accurate

27
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WANTED: INDEPENDENT DISTANCES!
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Distance measurements (e.g. VLBI parallax) requires to 
reconstruct 3-D GMF more accurately
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MEANWHILE… IN THE SOUTH
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• LOFAR HBA RMs             
(Sobey et al. in prep.,        
~200 squares)	

• Current pulsar RM catalogue 
(Manchester et al.  2005, 680 
circles)	

• Extragalactic sources 
(Oppermann et al. 2014, 
background)
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MWA: MURCHISON WIDEFIELD ARRAY
• Starting work on low-frequency RMs in the southern sky	

• Using Voltage Capture System (VCS; see Tremblay et al. 2015)
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[MWA project]

Curtin: 	
Ramesh Bhat,	    
Steven Tremblay, 
Charlotte Sobey,  
Dilpreet Kaur, 	
Sam McSweeney, 
Bradley Meyers, 
Mengyao Xue,     
Nick Swainston	

CSIRO: 	
Steve Ord, 		    
Ryan Shannon	
Onsala: 	
Franz Kirsten	
UWM: 	
David Kaplan, 	    
Joe Swiggum	
…

MWA-VCS collaborators include:
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MWA PULSAR OBSERVATIONS
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• Using ‘voltage capture mode’ with full polarisation	
• Currently verifying multi-frequency polarisation profiles 

(128-312 MHz ‘picket fence’)

I 
L 
V

[M. Xue, C. Sobey]
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PULSARS IN MWA IMAGES TOO!
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[Lenc et al. 2017]



Charlotte Sobey  ::  Peering towards Cosmic Dawn  ::  9 Sept 2016  ::  01  ::         

PULSARS IN LOFAR IMAGES
• Pulsars detected in images, and also discovered in LOFAR EoR 3C196 field	

• DM = 11.28 pc cm−3 :: RM = +2.7 ± 0.1 rad m−2 :: <B||>= 0.3 ± 0.1 µG :: D ∼ 400 pc
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[Jelic, de Bruyn et al. 2015]
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TOWARDS SMALL-SCALES
• Denser RM grids, e.g., investigating magnetic field in globular clusters	

• Gradient in Galactic magnetic field measured towards Terzan 5 pulsars using the GBT
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!
 [Anna Ho, Ransom, Demorest, in prep.]
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TOWARDS SMALL-SCALES
• Precision measurements: now enable ‘monitoring’ era of RM(time)	

• Probing small scale turbulence and other foregrounds (e.g. heliosphere)

35

LWA pulsar data [Howard et al. 2016]
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FUTURE PULSAR DISCOVERIES
• Many ongoing time-domain pulsar surveys 	

• Important for (at least!) increasing RM catalogue and therefore LoS 	

• New techniques being developed e.g. variance imaging using MWA / ASKAP
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TOWARDS THE SKA…
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[SKA]

• SKA will discover thousands more pulsars - 3-D tomography (Han+2014)	

• Highly desirable: well-understood polarisation characteristics             
and accurate ionospheric (RM) monitoring	

• A lot of synergy with EoR requirements (probably less stringent constraints)

[Michael Kramer]
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SUMMARY
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Low-frequency RMs towards pulsars — precise 3-D probes of the GMF	

LOFAR & MWA facilitate this and provide all-sky coverage	

Towards DM/RM monitoring, e.g., small-scale/turbulent structures	

Question: what would you like to obtain from (3-D) foreground models?	

Thank you for listening…Hvala!         
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AND NOW FOR SOMETHING COMPLETELY DIFFERENT	
TOMORROW,  THURSDAY 5 OCTOBER… 
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