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Faraday rotation measures (RMs) of polarised pulsar eonissid extragalactic sources present
the most efficient observable for determining the configanadf the magnetic field of the Galaxy,
both in its plane and at high latitudes. ReconstructiondhefGalactic magnetic field (GMF)
allow a deeper understanding of numerous astrophysicaépses in the interstellar medium and
even of the cosmological microwave background. LOFAR (tliaFrequency ARray) will
soon embark on an all-sky pulsar survey, which will returndneds of new pulsar discoveries.
In addition, the High Time Resolution Universe survey ioatsirrently searching for pulsars,
at higher frequencies. The subsequent RM data from any nguiiscovered in these surveys,
together with the current sample, will provide unpreceddmioverage of the Galactic plane and
halo. We present our plans to select an appropriate samplész#r RMs for use with the powerful
method of wavelet tomography. In addition, we show first dations of how additional RM
values improve the wavelet-based reconstruction of theskpte GMF.
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1. TheGalactic Magnetic Field

Magnetic fields play a crucial role in many astrophysicalcpsses within galaxies. These
include, but are not limited to, deflection of ultrahigh enecosmic rays (UHECRS), evolution of
molecular clouds, star formation and hydrostatic balandée interstellar medium (ISM).

Although our Galaxy provides a uniquely detailed case fodisis of magnetic fields [1], the
structure of the Galactic magnetic field (GMF) remains Iprgmexplored. The GMF structure
is often modelled as the sum of a regular, large-scale coemipeoherent over kpc scales and
small-scale turbulent fields with characteristic scaled®f100 pc. The turbulent components
can be attributed to fields of localised structures inclgdihll regions and supernova remnants
(SNRs), i.e. the Gum Nebula and North Polar Spur. Figure Ictiethree, of many, speculative
theoretical models of the large-scale GMF, which are ofteedufor comparison when analysing
observational data.
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Figure 1: Examples of the product of modelled regular magnetic fietdrgith and thermal electron
density in the Galactic mid-plane. Azimuthal field modas= 0,1,2 (axisymmetric, bisymmetric and
guadrisymmetric spiral fields respectively) are shownttefight. From [2].

2. Pulsar Rotation M easures

Many observational tracers of the ISM have been used in tampt to determine the strength
and direction of the GMF. Examples of such methods are destthelow:

e Polarisation of optical starlight due to scattering by dystins preferentially aligned along
local magnetic field lines. This provides the sky-projectedgnetic field component
averaged over the integrated size of the scattering screemebn the star and observer.
Magnetic fields are weighted by the intervening dust, whighusually unknown, and
measurements are only currently possible out to 2—3 kpc thensun. Despite this, maps of
the GMF have been produced from polarisation observatibsgweral thousands of stars,
i.e. [3].

e Linearly polarised thermal emission from dust in mm, sub-ramd IR wavelengths
preferentially aligned along local magnetic field lines.isTélso produces the sky-projected
component of the magnetic field, each wavelength band pgothie distribution in grain
size. Magnetic fields coherent owverl—10 pc can be detected, allowing observations of the
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large-scale GMF. Although in the future this method may beeanore sensitive, perhaps
even to the magnetic fields of nearby galaxies, this is onisectly possible for dense, bright
regions in the Galaxy, i.e. the central molecular cloud f#]g

e Zeeman splitting of spectral lines produced in emissionbsogption regions. This method
can measure the parallel component of the magnetic field. likrdps on the order oG
are generally required, in comparison to the significantbakeruG field of the large-scale
GMF. Observations are hence currently confined to masersnabtetular clouds. However,
where measurements are spread across the Galactic pkamas tn the overall direction of
the detected fields resemble the large-scale GMF deducedtsraative methods i.e. [5].

e Polarisation observations of diffuse radio synchrotrorissian produced by the Galactic
population of cosmic-ray (relativistic) electrons. Thigtmod provides the sky-projected,
transverse magnetic field. The strength of the ordered GMRls® be estimated, assuming
energy equipartition between cosmic rays and the total etagfield [6]. Typical large-scale
GMF values deduced are likely to be higher than from othehods due to the contribution
of the small-scale, turbulent component to the measureti fiel

An alternative method to those presented above uses thddyamatation of polarised pulsars
and extragalactic sources. This has also been successhdly to derive the magnitude and
direction of the GMF (i.e. [1], [7], [8]).

Electromagnetic waves propagating through a magnetisaetiumeare subject to Faraday
rotation, where the plane of linear polarisation rotatesvben the points of emission and
observation. The effect is frequency dependant, causiogressively longer wavelengthd )(
to experience increasing rotation of the polarisation eufe):

APA=RM A2 (2.1)

The rotation measure (RM) is directly related to the numlssrsity of plasma electronsge,
and the magnetic field of the plasmB, integrated along a unit column of length equal to the
distance to the pulsar, d:

RM= K/(;d Ne(s)B(s) -ds (2.2)

whereds is the path vector element in the direction of wave propagatExpressing in cm 3,
B in uG, d in pc and the constart equal to 0.812ad m 2 cn? uG—1 pc?! to three significant
figures, the RM is measured in the usual unitsaaf m 2. The magnetic field parallel to the LOS
from the pulsar toward the observéB”>, can be determined when combined with the Dispersion
Measure (DM),
(B)) = J5 ne($)B-ds ZE(S)B dS _ 1 55,RM
Jo ne(s)ds DM
where the units of DM are given in pc crhand(By) in uG.
The advantages of using polarised pulsar emission to medmih the Galactic planar and
halo fields include:

(2.3)

e Pulsed pulsar emission typically carries a high degreeneéli polarisation, for example see
Figure 2, allowing RM measurements to be easily obtained.
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e Observed RM values are a direct consequence of the ISM. riPulagnetospheres are
populated by electron-positron pairs, resulting in zeroRagaday rotation.

e The distribution of pulsars throughout the Galactic volumléows three-dimensional
sampling over many LOS and directions. Dense concentsationthe galactic plane,
especially along spiral arms, provide a good sample of thagsl GMF. Pulsars at higher
latitudes can also be combined with extragalactic RM valaesmple the GMF in the halo.

e Combining the pulsar DM with a model of the Galactic freectien density provides a direct
estimate of the pulsar distance, useful for producing GM&genmaps, i.e. see Figure 3.
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Figure 2. Polarisation profile of PSR J2043+2740 obtained with thee&@r, 20-cm receiver and pulsar
digital filterbank at the Effelsberg Radio Telescope. Bla@d and blue components show total, linear
polarisation and circular polarisation intensity respety. From [9].

An example image map depicting the projected value of thallghicomponent of the GMF
in the Galactic disk, obtained using archival pulsar RM datahown in Figure 3.

One of the latest analyses of RM estimates for pulsars amdgatactic sources in the fourth
Galactic quadrant led to a picture in which the magnetic fidlthe Galaxy has a clear large-scale
structure of~ a few UG, organised along logarithmic spiral arms [10]. There appé¢o be clear
field reversals from the Norma arm to the Norma-Crux intereggion and from the Norma-Crux
interarm region to the Crux arm. The best fit model of the laxgge field most closely resembles
the quadrisymmetric spiral (QSS) of [2], see Figure 1. Thalkstale field superimposed on this
large-scale field is estimated to be at least as strong oessgdl kpc. The process which forms a
GMF with such configuration, i.e. many reversals where lange small scales coexist, remains a
largely unanswered question.

Limitations of using pulsars to measure the Galactic and fields include:

e The simple approach of dividing pulsar RM by DM implicitly sasnes constant, average
values ofng and(BH>. This is known to be unrealistic especially following ewide of field
reversals between arm and inter-arm regions.
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Figure 3: A map of the projecte«gB”> values using RM and DM data. Each pixel does not correspond to
an individual pulsar, but to a linear interpolation over tteta, binned in 72 five-degree longitude sectors
and 1000 ten-pc distance bins. Field values are represbetagent-3 and—3 uG in hues of blue and
red where directed towards and away from the Sun respectiVeke four sectors shaded grey indicate the
directions of spiral arms and hence possible GMF reversdlsi plane. From [8].

e Pulsar distances, estimated using DM values and a modgl[@fi], are typically subject to
uncertainties ofv 20%. Hence, it is important to use independently determifisthnces
where possible. For example, annual parallax, H| absarpt@ssociation with globular
clusters or pulsar timing, i.e. [12].

e It is desirable to eliminate RM values where the LOS coirgiddth localised, small scale
structures which introduce noise, i.e. towards H |l regiand SNRs [10]. Nevertheless, this
noise can be filtered out by introducing a wavelet-basedrihtien of the RM sample, as
explained in the following.

3. Waveet Analysis

Pulsar RM and DM values may be analysed using the method afleteiemography in order
to reconstruct the large-scale GMF [13]. Specialised vegaian be devised to:

e Filter out the noise in RM data caused by small-scale fluminatof the ISM and unequal
spacing of data points.

e Minimise noise amplification in the analysis of RMs and DMepnesented by integrations
along the LOS, given the range in distances at which theikBxhIGMF is sampled.

Figure 4 displays an example reconstruction of a GMF midglanodel using wavelet
tomography and the positions of known pulsars with RM dateitier ad-hoc assumptions about
the GMF structure nor model-fitting are included. This mdthas been shown to work well with
regularly distributed or randomly scattered data wheres glgpnot exceed one half the scale of the
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Figure 4: Simulated reconstruction of a model large-scale magnedid ising; (a) the sample of existing
pulsar RM values and (b) those in (a) plus 50 additional RMesln sparsely sampled locations. Black dots
represent pulsar positions, the Sun at the origin. Huesusf &hd red represent where the field is directed
towards and away from the observer respectively. From ReBiav (private communication).

wavelet. For scales of 1.5 kpc however, the RM data curreraiglogued for pulsars becomes too
sparse beyond 3 kpc of the Sun. The improvement in recotisiguthe model GMF, through
including a small number of additional pulsar RM values tedain poorly sampled areas, is
illustrated in Figure 4. Enhanced contrast and greatergelton of structures are clearly visible.

The fraction of pulsars with measured RMs currently standsldtle over 40%. Increasing
this statistic is therefore highly desirable for the pumad wavelet analysis of the GMF. Such
polarisation observations are also supplementary forroshedies into, for example, pulsar
emission geometry and orientation.

4. Future Prospects

Polarisation observations of known pulsars without RM detd also of pulsars discovered in
future surveys will inevitably improve the RM sampling okt MF.

Observations of catalogued pulsars located in poorly sagnggions in quadrants | and Il of
the Galaxy are currently planned with the Effelsberg Radile3cope.

Several searches for undiscovered pulsars are ongoing alug to commence in the near
future. The High Time Resolution Universe (HTRU) surveyreuntly under way, using both
Effelsberg and Parkes Radio Telescopes, promises to dséiveral new discoveries in the Galactic
disk, i.e. [14] and [15].

The new LOFAR radio telescope is also currently being comimied. This presents an
exciting prospect for discovering many new pulsars at lovgfiencies, mainly due to the large
collecting area and wide field of view. A Galactic survey oaéd0-day period at 140 MHz has the
potential to return over a thousand new pulsars [16], sear€i§.

With new discoveries from increasingly sensitive telessoplanned for the future (i.e. FAST,
SKA) the number of pulsars with RM data is destined to impr@aving the way for much exciting
science and specifically, greater accuracy in the recarigiruof the GMF.
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Figure 5: Discoveries of>1000 pulsars predicted from simulations of a 60-day LOFARskY survey,
projected on the Galactic plane (left) and through the Gilaisk (right). From [16].
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