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Radio astronomy has benefited greatly from advances in téagpand will continue to do so in
the future. In fact, we are experiencing a revolution in tteywadio astronomy is conducted as
our instruments allow us now to directly “digitize” our ploois. This has enormous consequences,
since we can greatly benefit from the continuing advancegjitatielectronics, telecommunica-
tion and computing. The results are dramatic increase iargbble bandwidths, FoVs, frequency
coverage and collecting area. The global efforts will culaté in the construction of the SKA
as the world’s largest and most powerful telescope. On theprajects like LOFAR, LEAP and
others will revolutionize many areas of astrophysics amtifumental physics. Observations of
pulsars will play a central role in these scientific endeasoMVe briefly summarize here some
recent scientific developments that help us in defining opeetations for the the new generation
of radio telescopes for pulsar astrophysics.
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1. Introduction

Pulsar astrophysics has an impressive track record of mdkimdamental discoveries in a
wide range of physics and astrophysics, covering the paearapace from the smallest scales (i.e.
doing solid state physics under extreme conditions) to dngekt scales (e.g. by exploring the
nature of gravity). Apart from discovering the existencenefitron stars and their nature as gi-
gantic guantum mechanical objects [1], further discogeinelude, for instance, the first evidence
for the existence of gravitational waves [2], the discowefrthe first extrasolar planets [3] and the
existence of very fast spinning objects challenging pregasguation-of-states [4]. Amazingly, in
the 40+ years since the serendipitous discovery of pulsars, teeofatliscovery has not slowed,
driven by new technology and instruments that allows us pae# the accessible parameter space
by improving the time and frequency resolution and obserandwidth. However, the greatest
leap in technological advance is yet to come with the newigeioa of radio telescopes. Facilities
like LOFAR and the SKA will provide us with much larger colte@ area, larger fractional band-
width, larger fields-of-views and multi-beam capabilitidis combination will provide a massive
increase in sensitivity combined with the opportunity tomtor many sources with excellent ca-
dence. Based on current and past experience, we have vargxpgctations of what we are going
to find. Indeed, we have every reason to believe that the qurevdmazing discoveries were just
the prelude to what we will be able to do in the future. Thistdbation will try to glance into the
future by providing some examples of excellent recent disdes or developments and what can
be expected when we will use the new facilities or re-use xiwtieg ones in a novel fashion like
in the LEAP project.

2. Finding new and exciting sources

Previous experience has proven that finding a large numb@vepulsars will inevitably lead
to the discovery of rare objects which push our understandintheir formation or which can
be used as unique laboratories for fundamental physicsie@ly, we know of about 2000 radio
pulsars of which about half were discovered in a single syive the Parkes Multibeam Survey for
Pulsars [5]. The most recent jump in the discovery of thed$astning type of millisecond pulsars
(MSPs) was achieved by performing radio searches in urfthgamma-ray point sources as
seen with the FERMI space-telescope [6]. A total of 19 MSP®wiéscovered so far, providing a
“fast-track” method to identify these most useful sourc®s-going surveys which employ high-
sensitivity (like P-ALFA at the Arecibo telescope [7]) oghitime and -frequency resolution (like
the HTRU survey with the Parkes and Effelsberg telescoggaif@ finding interesting new pulsars.
Indeed, the High-Time-Resolution Universe (HTRU) survell provide an all-sky inventory of
the variable sky, already discovering lots of new sourcea previously well-searched area. So
far, the HTRU survey has already discovered about 40 slowstbting pulsars and about 10 MSPs
(including bright sources, eclipsing systems and plagetampanions - stay tuned!). Perhaps, the
most unexpected find of the HTRU survey so far was the first diggovery of a magnetar in a
blind radio survey [9]. The source PSR J162B50 has a 4.3-s period and with an inferred value
of B= 3 x 10" G, the highest magnetic field for any radio-discovered meustar. Detections at
X-rays show an X-ray luminosity that is a third of the spinasholuminosity, confirming that this
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magnetar was discovered in an X-ray quiescent phase. Mardbgre is no record of previous
X-ray outbursts either. Yet, it shows all the radio propestdf a radio-transient magnetar: strong
variation in flux density and pulse shape, a flat spectrum avehahigh degree of polarisation.
Archival radio observations reveal that the source waoradiive in the past, but that it was missed
in previous observations.

The discovery of transient phenomena like the new radio e@grunderlines the need for
repeated surveys of the whole sky. The new facilities likd-B& and SKA with their large field-
of-view will provide superb opportunities to undertake manch surveys in short time intervals.
That is even already true for shallow surveys, for instandgé) the Australian SKA Pathfinder
(ASKAP) and the South-African MeerKAT. In any case, a corakiitn of sensitivity and field-of-
view will revolutionize our knowledge of the Galactic pulgmpulation. LOFAR will find the local
population of neutron stars and will also be sensitive te¢hadio pulsars, which are too weak
at the usual high search frequencies due to the generallp stasar flux density spectrum [10].
This local census will be complemented by the SKA and its Gel@ensus of pulsars, which will
essentially include every pulsar that is beaming towardthEdhe 20,000 to 30,000 pulsars to be
discovered should join the about 1000 MSPs, about 100vistdti binaries and eventually the rare
objects like pulsar-black hole systems [11, 12].

3. Monitoring, watching and triggering

The radio sky reveals variable and transient phenomenahvarie relevant for a huge range
of (astro-)physical questions. We have already demomestrabove that repeated monitoring can
reveal new, previously unseen objects which are importamidpulation studies or the connections
between radio and high-energy processes. Often radiowaigsrs can trigger searches and studies
in other observational windows. Perhaps one of the mostiegauch possibilities is the triggering
of gravitational wave searches for neutron star oscilfetiafter the detection of a pulsar glitch.

A pulsar glitch is a sudden increase in spin frequency of thémn star caused by an internal
reconfiguration of the star’s interior structure (e.g. j13]nhe relaxation of the glitch gives informa-
tion about the super-fluid interior of the pulsar and enabke® do neutron star seismology. It is
expected that such an event may also cause the neutron etailtate, which for certain vibration
modes, should result in the emission of gravitational wéeeas [14]). Knowing the exact moment
of the glitch through dense radio monitoring, gravitatiomave data can be searched accordingly.
The statistical information obtained from such radio manitg with the new multi-beam capable
telescopes will be used to study the glitch mechanism anch$aver questions as to whether a
possible bimodal distribution of the glitch sizes means tiva different types of glitch processes
are acting (e.g. [15]).

Radio monitoring with good cadence is also essential toysthd recently discovered phe-
nomenon that radio pulsars appear to be able to change tioéusé of current flow in the magne-
tosphere in an seemingly instantaneous way. This newlgrésed class of “intermittent pulsars”
[16], seem to be active for a period of time before switchiffgcompletely for a further period of
time, where the change in observed radio output is coratlaith a change in pulsar spin-down
rate. In the case of PSR B1931+24, if the pulsar is emittidgravaves, the spin-down rate is about
50% larger than when the pulsar is off. This faster spin-doate is caused by an extra torque that
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Figure 1: Summary of the potential cosmological sources of a stothgstvitational wave (GW) back-
ground overlaid with bounds from COBE, current Pulsar Tign&rray (PTA) experiments and the goals
of CMB polarization experiments, LISA and Advanced LIGO.AEwill improve on the current best PTA
limits by more than two orders of magnitude, enabling theedin of a GW background caused by the
merger of massive black holes (MBHSs) in early galaxy foraatiThe amplitude depends on the MBH mass
function and merger rate, so that uncertainty is indicatethb size of the shaded area. LEAP is the next
logical step towards a PTA realized with the SKA which willpnove on the current sensitivity by about
four orders of magnitude.

is given by the electric current of the plasma that also esetite radio emission. If some or all of
the plasma is absent, the radio emission is missing togetitlethe additional torque component,
so that the spin-down is slower. Very recently, Lyne et ar] [fealized that intermittent pulsars
are actually the extreme form of a more common phenomenorhich the restructuring of the
plasma currents does not necessarily lead to a completéostniin the radio emission, but can be
observed as changes between distinct pulse shapes. Lyhelebwed that particular profiles are
indeed correlated with specific values for the spin-dowesatonfirming the previous picture. The
times when the switch in the magnetospheric structure scaug for some pulsars quasi-periodic
but in general difficult to predict. The resulting changenmn typically two spin-down rates leads
to seemingly random timing residuals that have been in teegassified as “timing noise”. The
observations by Lyne et al. therefore simultaneously contiee phenomenon of timing noise to
that of intermittent pulsars and that of “moding” and “nadji’ (see e.g. [18]). An interesting aspect
is the possibility of determining the exact times of the sibetween magnetospheric changes by
precisely measuring the pulse shapes with high-sengijtivigh-cadence monitoring with LOFAR
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or the SKA. In this case, the changes in spin-down rate camlmntinto account and the pulsar
clock can be “corrected”. This would offer the opportunityuse not only the MSPs for timing
experiments, but to utilize also the 20,000 to 30,000 nonpuddars that will be discovered in a
Galactic census described above. Even though the preaisibnot be as high as for MSPs, the
large number of pulsars may help to detect, for instancejtgtanal waves.

4. Gravitational Wave detection

The observed orbital decay in binary pulsars detected \@eigion timing experiments so far
offers the only evidence for the existence of gravitatiomal’e (GW) emission. Intensive efforts
are therefore on-going world-wide to make a direct deteatibgravitational waves that pass over
the Earth. Ground-based detectors like GEO600 or LIGO ussireamirrors, the relative distance
of which are measured by a laser interferometer set-upewind future space-based LISA detector
uses formation flying of three test-masses that are houssaltdfiites. The change of the space-
time metric around the Earth also influences the arrival siroepulsar signals measured at the
telescope, so that high-precision MSP timing can also piaibndirectly detect GWs. Because
pulsar timing requires the observations of a pulsar for leEatth orbit before the relative position
between pulsar, Solar System Barycentre and Earth can bisgisedetermined, only GWs with
periods of more than a year can usually be detected. In asdfatermine possible uncertainties in
the used atomic clocks, planetary ephemerides used, andiate GWSs are expected to produce
a characteristic quadrupole signature on the sky, sevelsafs are needed to make a detection.
The sensitivity of such a “Pulsar Timing Array” (PTA) incsess with the number of pulsars and
should be able to detect pulsars in the nHz regime, hencevlibid frequencies of LIGO~kHz
and higher) and LISA+{ uHz) (see Fig. 1).

A number of PTA experiments are ongoing, hamely in Austrdtiarope and North America
(see [19] for a summary). The currently derived upper linoitsa stochastic GW background
(e.g. [20, 21]) are very close to the theoretical expeatafiiw a signal that originates from binary
super-massive black holes expected from the hierarchidakg evolution model [22, 23]. It seems
that “simply a bit of extra sensitivity is needed” to make atfidetection. This is the motivation
for the Large European Array for Pulsars (LEAP) project irdpe. It aims to phase-coherently
connect Europe’s largest radio telescopes to form an Aeesiibed dish that can observe a large
number of MSPs with high sensitivity enabling high preaispulsar timing. LEAP is part of the
European Pulsar Timing Array (EPTA) and also acts as a tstidr SKA technology [21].

Demonstrating the power of PTA experiments, Champion ef24] recently used data of
PTA observations to determine the mass of the Jovian systdepéndently of the space-craft
data obtained by fly-bys. Here, the idea is that an incogrdatbwn planet mass will result in
an incorrect model of the location of the Solar System Bariree(SSB) relative to the Earth.
However, the SSB is the reference point for pulsar arrivabtmeasurements, so that a mismatch
between assumed and actual position would lead to a persigha@l in the pulsar data with the
period being that of the planet with the ill-measured masss heasurement technigue is sensitive
to a mass difference of two hundred thousand million milionnes — just 0.003% of the mass of
the Earth, and one ten-millionth of Jupiter’s mass.
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Figure 2: Results of computations for the detection of a single GWs@with the help of a PTA consisting
of 40 pulsars with an average timing precision of 300 ns ap&#} distance of 200 pc [27top left) Error
in measuring the characteristic strain amplitude of a sit@\V source for a variety of signal strengthsp
right) corresponding error in orbital inclination measureméuottom left)positional error on the sky and
bottom right)error in determining the gravitational wave frequency. Bee et al. for details.

If LEAP or other experiments do not detect GWs in the next fearg, a first detection is
virtually guaranteed with the more sensitive Phase | of tia.But the science that can eventually
be done with the full SKA goes far beyond simple GW detectiam whole realm of astronomy
and fundamental physics studies will become possible. staince, it will be possible to study
the properties of the graviton, namely its spin (i.e. psltiobn properties of GWs) and its mass
(note that in general relativity the graviton is massle&$), R6]. This is achieved by measuring
the degree of correlation in the arrival time variation ofrpaf pulsars separated by a certain
angle on the sky. A positive correlation is expected for gdsn the same direction or 180 deg
apart on the sky, while pulsars separated by 90 deg shouldhtbearelated. The exact shape
of this correlation curve obviously depends on the GW psédion properties [25] but also on
the mass of the graviton [26]. The latter becomes clear wheransider that a non-zero mass
leads to a dispersion relation and a cut-off frequeagy = mgcz/ﬁ, below which a propagation
is not possible anymore, affecting the degree of corraighassible between two pulsars. With a
90% probability, massless gravitons can be distinguished fravitons heavier thanx310 22 eV
(Compton wavelengtily = 4.1 x 102 km), if bi-weekly observation of 60 pulsars are performed
for 5 years with pulsar RMS timing accuracy of 100 ns. If 60san$ are observed for 10 years
with the same accuracy, the detectable graviton mass iseddo 5x< 10 22eV (Ag = 2.5 x 103
km) [26].

In addition to detecting dackgroundof GW emission, the probability of detectingsagle
GW source increases from a few percent now to well above 95&b the full SKA. We can,
for instance, expect to find the signal of a single super-imaddack hole binary. Considering
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the case when the orbit is effectively not evolving over theesving span, we can show that, by
using information provided by the “pulsar term” (i.e. theéargled effect of the GW acting on the
pulsar’s surrounding space time), we can achieve a ratheurading source localization. For a
GW with an amplitude exceeding 1 and PTA observations of 40 pulsars with weekly timing to
30 ns, precision one can measure the GW source position tocanaay of better than 1 arcmin
(Fig. 2, [27]). With such an error circle, an identificatiohtbe GW source in the electromagnetic
spectrum should be easily feasible. We note that in ordeshiae such a result, a precise distance
measurement to the pulsars is needed, which in turn can thengroved further during the fitting
process that determines the orbital parameters of the G\Weso&ortunately, the SKA will be a
superb telescope to do astrometry with pulsars.

5. Astrometry

Astrometric parameters can be determined in two ways fagusl Firstly, using the telescope
array as an imaging interferometer, the pulsar can be ttesgepoint source while boosting the
signal-to-noise ratio by gating the correlator to use oigpals during the few percent duty cycle
when the pulsar is actually visible. With images spread aveeriod of time, it will be possible to
measure parallaxes for nearly 10,000 pulsars with an acgofé20% or less [28]. Secondly, pulsar
timing can also be used for a precise determination of théiposproper motion and parallax as
all these parameters affect the arrival time of the pulsamiatelescope on Earth. Here, MSPs
with their higher timing precision can be used more readilistances are retrieved via a “timing
parallax” which essentially measures the variation irvatiime at different positions of the Earth
is orbit due to the curvature of the incoming wavefront. Imtcast to an imaging parallax, the
sensitivity is highest for low ecliptic latitudes and lowésr the ecliptic pole. Figure 3 shows this
dependence of the parallax precision on ecliptic latitudirestingly, it is still possible to measure
a parallax with finite precision at the ecliptic pole, in aast to first expectations. The origin of
this is the small eccentricity of the Earth orbit which alkws to still detect a variation of the
arrival time at different times of the year [28]. We expedtttve can measure distances of 20 kpc
with a precision better than 20% for about 300 MSPs, whiles@one sources distances of 20 to 40
kpc can be measured to 10% or better.

A third method allows us to infer a distance to a binary MSPdfsge a relativistic decay of the
orbit. The observed value for the orbital period derivatii be altered from the intrinsic value by
a contribution arising from secular acceleration. As tlépehds on distance, a comparison of the
observed value with the one expected from general repgtigitows us to determine the distance
[29]. In most cases however, we need to apply the reverseoahgtl. we need to need to know the
distance in order to derive the intrinsic orbital decay ratethat tests for theories of gravity can be
performed.

6. Testsof theoriesof gravity

Binary pulsars already provide the best tests of theorigganfity for strongly self-gravitating
bodies [30]. In the future, with improved timing precisione expect that these tests will even
surpass the precision of the current best tests of gendadivity in the weak-field regime of the
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Figure 3: Precision of parallax measurements from weekly timing offMth the SKA.left) Error in the
timing parallax as a function of ecliptic latitude. The tdpug) line assumes a time span of 5 years, the
lower (red) one 10 yr of observations. Both assume a timiegipion of 10 nsright) fractional precision of
distance measurements for three different timing preeigagues, 10 ns (red, bottom), 50 ns (green, middle)
and 100ns (blue, top). See Smits et al. for details.

Solar System. In particular the continued observationi@Diouble Pulsar will derive important
constraints for testing alternative theories of gravitd &me validity of specific concepts in strong
gravitational fields, such as the Lorentz-invariance [BA¢st importantly, however, with the SKA
we will be able to probe the properties of black holes and @mthose to the prediction of general
relativity for Kerr black holes. With pulsars orbiting theper-massive black hole in the Galactic
centre and the discovery of binary pulsars with stellargidack hole companions, we will be able
to measure the mass, spin and quadrupole moment of the bidek hThese measurement will
allow us to test theosmic censorship conjectuas well as theo-hair theoreni11]. The cosmic
censorship conjecture states that every astrophysiczi bigle, which is expected to rotate, has an
event horizon that prevents us from looking into the cerstiregularity. However, the event horizon
disappears for a given value of the black hole spin, so thabyect the measured spin to be below
the maximum allowed value. The no-hair theorem makes theedalvstatement that the black
hole has lost all features of its progenitor object, and #fidtlack hole properties are determined
by only the mass and the spin (and possible charge). Therafdhe no-hair theorem is valid, the
expected quadrupole moment of the black hole can be unigeendeed from the mass and the
spin. With a measurement of all three quantities, this thmocan be tested [11].

With the chance to perform these experiments with the soaesive black hole in the Galac-
tic Centre, stellar black holes and, possibly, intermediatiss black holes in globular clusters, a
whole black hole mass range can be studied. As already pladnitsby Damour & Esposito-Farese
[32], a pulsar - black hole system will be a superb probe ofigra

7. Conclusions

These technological advances will provide pulsar obsemew tools that will allow them to
probe further into the unexplored regions of the physicabpeter space. The new telescopes
combine a huge increase in sensitivity with multi-beamiagability - a dream combination for
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studies of pulsars and their exploitation as tools for funeatal physics. The possible science
applications extend far beyond what has been, and can lmeisdisd here. A more complete re-
view can be found in the SKA science case [33], we will howewention one other fascinating
application in passing, as it connects to the science drivkthe large optical telescopes: with the
SKA we will have the potential to find all the pulsars in the &al with radio beams pointed in
our direction. The timing precision in most cases shoulduféicgent to detect planets or minor
bodies possibly orbiting the neutron stars. Hence, for tisetfime, we will not only get a census of
radio emitting pulsars in the Galaxy but also a census fargilry-sized objects around neutrons
stars. Using this statistical information we may finally éatke chance to answer the question:
Why pulsar planets are so rare? Whatever the answer to thmfion process will be, it is clear
that with the new generation of radio telescope the futuputsfar astrophysics is extremely bright.

References

[1] A.Hewish, S. J. Bell, J. D. H. Pilkington, P. F. Scott and/®R Collins, Nature217, 709 (1968).

[2] J. H. Taylor, Binary pulsars and relativistic gravity,lies Prix Nobel(Norstedts Tryckeri,
Stockholm, 1994).

[3] A.Wolszczan and D. A. FrailNature355, 145 (1992).

[4] D.C. Backer, S. R. Kulkarni, C. Heiles, M. M. Davis and W. MossNature300, 615 (1982).

[5] R. N. Manchester, A. G. Lyne, F. Camilo, J. F. Bell, V. M. ¢4, et al. MNRAS328, 17 (2001).

[6] P.S. Ray and P. M. Saz Parkins@uXiv e-printsarXiv:1007.2183 (2010).

[7] J. M. Cordes, P. C. C. Freire, D. R. Lorimer, F. Camilo, DChampion, et alApJ637, 446 (2006).
[8] M. J. Keith, A. Jameson, W. van Straten, M. Bailes, S. dbtn, et al. MNRAS(in press, 2010).

[9] L. Levin, M. Bailes, S. Bates, N. D. R. Bhat, M. Burgay, &t &pJ(in press, 2010).

[10] B. W. Stappers, A. G. J. van Leeuwen, M. Kramer, D. Stiirepband J. Hessels, Lofar: A powerful
tool for pulsar studies, in Proceedings of the 363. WE-Hgs&eminar on Neutron Stars and Pulsars
40 years after the discovery, eds. W. Becker and H. H. HuaiE MReport 291. ISSN 0178-0719,
astro-ph/0701229 (2007)

[11] M. Kramer, D. C. Backer, J. M. Cordes, T. J. W. Lazio, B.Stappers and S. . Johnstdg, 993
(2004).

[12] R. Smits, M. Kramer, B. Stappers, D. R. Lorimer, J. Cardad A. FaulknerA&A 493, 1161 (2009).

[13] A. G. Lyne and F. G. SmitiRulsar Astronomy, 3rd edCambridge University Press, Cambridge,
2004).

[14] C. A.van Eysden and A. Melato€Jassical and Quantum Gravi®5, 225020 (2008).

[15] C. Espinoza, PhD Thesis, PhD thesis, University of Master, UK2010.

[16] M. Kramer, A. G. Lyne, J. T. O'Brien, C. A. Jordan and D.IRrimer, Science312, 549 (2006).
[17] A. Lyne, G. Hobbs, M. Kramer, |. Stairs and B. Stapp&sience329, 408 (2010).

[18] D. R. Lorimer and M. KrameiHandbook of Pulsar Astronon{ambridge University Press, 2005).



LOFAR, LEAP and beyond Michael Kramer

[19] G. Hobbs, A. Archibald, Z. Arzoumanian, D. Backer, M.iRs, et al. Classical and Quantum
Gravity 27, 084013 (2010).

[20] F. A. Jenet, G. B. Hobbs, W. van Straten, R. N. MancheMeBaliles, et al. ApJ653, 1571 (2006).

[21] R. D. Ferdman, R. van Haasteren, C. G. Bassa, M. Burg&gdnard, et alClassical and Quantum
Gravity 27, 084014 (2010).

[22] A. Sesana, A. Vecchio and C. N. ColacilddNRAS390, 192 (2008).

[23] A. Sesana and A. Vecchi@lassical and Quantum Gravig7, 084016 (2010).
[24] Champion, D, et alApJ, (in press, 2010)

[25] K. J. Lee, F. A. Jenet and R. H. Prig&pJ685, 1304 (2008).

[26] K. Lee, F. A. Jenet, R. H. Price, N. Wex and M. Kram&pJ(in press, 2010).
[27] K. Lee, N. Wex, M. Kramer and et al\pJ(in prep., 2010).

[28] R. Smits, T. Tingay, N. Wex, M. Kramer and B. StappégJ (in prep., 2010).
[29] J. F. Bell and M. BailesApJ456, L33 (1996).

[30] M. Kramer, I. H. Stairs, R. N. Manchester, M. A. McLaughlA. G. Lyne, et al. Science314, 97
(2006).

[31] N.Wex and M. KramerMINRAS380, 455 (2007).
[32] T. Damour and G. Esposito-Farefdnys. Rev. 38, 1 (1998).

[33] J. M. Cordes, M. Kramer, T. J. W. Lazio, B. W. Stappers{DBacker and S. Johnstddew Astr48,
1413 (2004).

10



