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Pulsar Physicsand GLAST
Alice K. Harding

Astrophysics Science Division, NASA Goddard Space Flight Center, Greenbelt, MD 20771

Abstract. Rotation-powered pulsars are excellent laboratories fiodysof particle acceleration as well as fundamental
physics of strong gravity, strong magnetic fields, high desand relativity. | will review some outstanding quesis in
pulsar physics and the prospects for finding answers with SLAAT observations. LAT observations should significantly
increase the number of detected radio-loud and radio-gaietma-ray pulsars, including millisecond pulsars, givimgch
better statistics for elucidating population charactiss will measure the high-energy spectrum and the shapeaidtral
cutoffs and determine pulse profiles for a variety of pulsdidifferent age. Further, measurement of phase-resopectis
and energy dependent pulse profiles of the brighter pulbardd allow detailed tests of magnetospheric particle lacaton
and radiation mechanisms, by comparing data with thealatiodels that have been developed.
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INTRODUCTION

The EGRET telescope on the Compton Gamma-Ray Observatovided a major increase in our understanding of
rotation-powered pulsars[29]. The years since have wsgeta number of further advances that include the completion
of the Parkes Multibeam survey[20], doubling the number mdwn radio pulsars, observations of unprecedented
resolution with the Chandra X-ray telescope, and discowénew pulsar wind nebulae (PWN) at TeV energies with
HESS. Deep radio observations of newly discovered X-ray BWal/e resulted in discovery of young pulsars with
very low radio luminosities|6]. As a result, there are mamyretyoung, and potentigtray, pulsars known today than
at the time of EGRET. In addition, there have been fundanhéeeizlopments in theoretical models of pulsed high-
energy emission[12] as well as major progress in defininggtblal structure of the pulsar magnetosphere[26]. The
stage is now set for the Gamma-Ray Large Area Space Tele$G#eST), a y-ray telescope with thirty times the
sensitivity of EGRET, to detect possibly more than one haddrewy-ray pulsars and to measure a variety of profiles
and spectral characteristics. It is hoped that some of gsetfundamental questions of pulsar physics will finallyghav
answers.

HOW AND WHERE ARE PARTICLESACCELERATED IN THE PULSAR
MAGNETOSPHERE?

arxiv:0706.1542v1 [astro-ph] 11 Jun 2007

The location of the pulsed emission site(s) has been versivelyprimarily because we observe only the pulse
profile, the small part of the emission beam that sweeps giraur line-of-sight. Constructing the full geometry
of the emission from only the pulse profile is both non-tiidiad non-unique. But observing at high-energies has a
distinct advantage that the emission patterns map theeratieln sites, since the accelerated particles radiaté mos
of their energy very quickly. Thus, there is hope that withA"T LAT observations we can deduce the geometry of
acceleration by studying both details of individual pulsefiles and patterns of emission in a larger population of
y-ray pulsars, aided by model predictions.

The theoretical sites of particle acceleration are deteechby the distribution of charge in the magnetosphere and
the geometry of pair creation. The electric fi#ldgiven by[- E;| = 471(p — pay) will accelerate particles parallel to the
magnetic field where the local space charge demsitgparts from the Goldreich-Julian change densdy. The high-
energy radiation of the accelerated particles can creatéreh-positron pairs that can screenB)eat pair formation
fronts (PFFs), thus limiting the acceleration. The probierthat we do not know the boundary conditions, which
depend both on the surface physics of the neutron star arfieagidbal current flow pattern. Global magnetospheric
models[26] can derive the current flow but assume ideal MEAB=(og; everywhere). However, the pair production
that presumably supplies enough charge (at least in the etagpheres of young pulsars) to provide the ideal MHD
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FIGURE 1. Pulse profile of the Vela pulsar, as observed by EGRET, anguated phase plots of emission in ttigys, @) plane
and pulse profiles produced by a horizontal cut through tleeselplot in polar cap, outer gap and slot gap madelsjd 1% the
pulsar inclinationg is the rotational phase argysis the viewing angle measured from the rotation axis.

conditions requires a breakdown of this very condition aeteration sites. Thus, in the absence of magnetospheric
models which include pair physics, the various accelenatimdels must depend on assumed boundary conditions.
Polar cap models[8] assume tlt&t develops along open field lines above the neutron star ®jfiaening a vacuum
gap[25] or a space-charge limited flow (SCLF) accelerat@®%3. Pairs are produced near the polar cap by interaction
of high-energy photons with the strong magnetic field. Ingbkar cap SCLF models, acceleration is slower near the
last open field line which is assumed to be a boundary wkgre 0. A narrow slot gap forms[2] where particles
cannot produce pairs, thg is unscreened and acceleration continues to high altiigleDuter gap accelerator
models [¥, 24] focus on regions in the outer magnetosphetecdmnot fill with charge, since they lie along open
field lines crossing the null surfac®,- B = 0, wherepg; reverses sign. Charges pulled from the polar cap cannot
populate the region between the null surface and the lightdsr, and a vacuum gap forms. Since the magnetic field
is relatively weak in the outer gap, pairs are produced bgrattion of high-energy photons with X-rays from the
hot neutron star surface. Both slot gaps and outer gaps dgrexist in younger and millisecond pulsars that have
sufficient pair multiplicity[14| 33].

Figure 1 shows predicted sky emission patterns (phase pladspulse profiles for polar cap (PC), slot gap (SG) and
outer gap (OG) models. Model profiles are generated by cuttirough the phase plots at constant observer angle. All
three models can produce widely spaced, double-peakediggsrsifimilar to that of the Vela pulsar. The PC model can
generate such profiles only for small observer and inclimedingles £ 10°). SG and OG models generate caustics, due
to relativistic phase shifts of high-altitude emissiorattmay be seen at larger viewing angles(seel[12, 11] for more
details). In the SG model, an observer views caustic enmigsion both poles, whereas in OG models, an observer can



VVela Pulsar: Polar Cap vs. Outer Gap scenario observed by the LAT

10°

=
S
S

Polar Cap model prediction (Daugherty & Harding 1996).

EZMeV?] x Flux[ph MeV 'cm?s]

10°

Polar Cap model, 1 yr LAT survey

——————  Outer Gap model prediction (Romani 1996)

|

——¥——  Outer Cap model, 1 yr LAT survey

——m——  EGRET data points (Thompson et al. 1999)

Tt | | L |
10° 10* 10°
Energy [MeV]

10°

FIGURE 2. Simulated spectra of the Vela pulsar observed in 1 year by &#§uming polar cap and outer gap models[23],
compared with observed EGRET spectrum.

view emission from only one pole. Although the model profitesk similar, there are several distinguishing details
that more sensitive measurement may verify. PC and SG mpddsct off-pulse emission throughout the entire pulse
phase, while OG models do not. Recent OG models[28] incladsston from both poles, but this adds only a trailing
edge to the peaks. The SG model predicts a possible enhantemthe trailing edge of the first peak, caused by
overlapping field lines near the light cylinder (an effectiethforms the first peak in the OG model).

PC models predict that the pulsed spectrum from polar capadas will have a sharp (super-exponential) high-
energy cutoff due to attenuation by magnetic pair prodactiod photon splitting[4]. The energy of these cutoffs is a
function of the local magnetic field strength, pulsar peaod the emission altitude and lies between 1 and 20 GeV.
EGRET detected indications of spectral cutoffs, but did mte the high-energy sensitivity to distinguish a super-
exponential from the simple exponential cutoffs predidigchigh-altitude SG and OG models. GLAST should be
able to measure the shape of the spectral cutoffs well enmuglake this distinction and therefore place strong limits
on the altitude of emission. Simulations of the Vela pulg@csrum (Figure 2) show thatin 1 - 2 months of observation,
the GLAST LAT will be able to measure the cutoff well enougldistinguish PC from OG model shapes[23]. If sharp
cutoffs are measured in a number of pulsar spectra, thenaonalso look for the predicted correlation between cutoff
energy and surface field strength.

WHAT ARE THE HIGH-ENERGY RADIATION MECHANISM S?

All models predict that the high-energy spectra are comgppademnultiple radiation components, although not all
necessarily contribute in the LAT energy range. Curvatadiation (CR) from primary particles, synchrotron radiati
(SR) from pairs and Inverse Compton scattering (ICS) coreptmgenerally are present for all models. In addition,
there is a thermal X-ray component that may be hidden for -Gkabpulsars. PC pair cascade specira[8] comprise
a CR component at high energies that is often cutoff by paidpction before the pair SR component dominates,
although in pair-starved pulsars the SR component may bdmwaaker. An ICS component from pairs scattering
thermal X-rays from the neutron star surface may appearratyenergies[32]. In OG models, the pair SR component
is dominant for Crab-like pulsars and a transition betwe@hadd SR components may be visible. The predicted
ICS component in OG models comes from primary particlesagag soft photons from various sources and appears
above 100 GeV. Although air Cherenkov telescopes havelsedifor this component for many years, it was not been
detected[1] and it is therefore very unlikely that GLAST hgiée it. The radiation from the high-altitude SG consists
of a CR component from primary electrons at the highest éegrgnd a SR component from both primaries and pairs
from lower altitude cascades that resonantly absorb radieson at higher altitudes[16].

GLAST LAT observations should be able to distinguish migtgpectral components in two ways. Better sensitivity
and energy resolution will enable detection of transitiomshe phase-averaged spectra. In fact, the Crab pulsar
spectrum seems to have a transition between multiple coemsrat an energy around 100 MeV[18] well within



the LAT range. Furthermore, the LAT will obtain phase-resdl spectra having error bars five times smaller than
EGRET. These much improved statistics will enable measen¢nf spectral components, cutoff energy and shape as
a function of phase to make more detailed comparison withahpeedictions. For example, PC models predict that
the high-energy cutoffs are sharpest at the pulse peaksfi8ire cutoff energy is lower in the first peak[9].

ARE PROCESSESTHE SAME FOR ALL PULSARS?

It is quite possible that accelerator type, spectral foromatradiation processes and emission altitude depend on
pulsar parameters such as period, age or surface field girefg explore this, one can look for patterns in both
multiwavelength profiles and in broadband spectra. The EGREsars showed an increase in spectral hardness with
age[30], causing the power peak of the broadband spectromove from hard X-rays (in the case of the Crab) to high-
energyy-rays for the middle-aged pulsars. This indicates that teehanism(s) that contribute to the non-thermal X-
ray emission are less dominant in older pulsars. Most maateldict this behavior, since the pair cascade multiplicity
decreases with age, and it is radiation from pairs that dmngs most at X-ray energies. It will be interesting to ee i
this trend persists in the larger population of pulsars t#dt will detect.

The behavior of profiles across energy bands displays felear patterns. For most EGRET pulsars, {hey
peaks do not resemble those at other wavelengths and aréasgaligned. Only the Crab shows phase-alignment
of the peaks at all wavelengths from radioytoays. Although a trend is hard to establish among the EGRESapmu
themselves, if one examines the profiles of X-ray pulsarssees that those having short periods (including several
millisecond pulsars) show more phase alignment. This heh&/not simply related to the patterns in the broadband
non-thermal spectra since it also involves the radio prailgnment, and is more probably related to emission
geometry. For example, the smaller magnetospheres ofrpusth shorter periods may put more of the emission at
different wavelengths at high altitudes (relative to tighticylinder) so that caustic effects will align all the egiis
in phase[12].

ARE THERE y-RAY MILLISECOND PUL SARS?

A number of studies have predicted that millisecond pulsaisuld have a high-energy CR radiation component
originating from polar cap acceleration and extending abt® GeV([5/ 19, 15]. Because of their very low surface
magnetic fields, the pair production attenuation cutoféssmuch higher energies than in normal pulsars and typicall
occur above 100 GeV. The sensitivity of the GLAST LAT to theggh energies will make millisecond pulsars ideal
sources, but how many will be detectable will depend on wérathir viewing angle sees much of the low altitude CR.
The presence of pulsed X-ray emission, as many millisecashps show, may not necessarily be a guide since the
X-rays may originate from higher altitude[15]. EGRET maaly detected the millisecond radio and X-ray pulsar
J0218+4232, but the spectrum is very soft. GLAST LAT obsgows will certainly confirm this detection and give a
clearer picture of thg-ray spectrum. CR emission from particles acceleratingpénduter gaps of ms pulsars cannot
extend above several GeV in present models (Hirotani, poknm.) so that detected emission above 10 GeV from
these sources must originate from near the polar cap. Howihe cascades from outer gap-accelerated particles
moving downward toward the polar cap may radiate CR aboved\@|&]. But in this case, one would expect that
the y-ray pulses will be out of phase with the radio pulses.

WHAT ISTHE RATIO OF RADIO-LOUD TO RADIO-QUIET y-RAY PULSARS?

The number of radio-loud and radio-quiet pulsars that GLAI®Tects after a 1 to 2 year survey will give us strong
constraints on thg-ray emission geometry and type of accelerators that areatipg. PC, SG and OG models give
very different predictions for the ratio of the radio-loum tadio-quiet populations, so estimating this ratio will be
a sensitive diagnostic. In the population synthesis stdie term radio-quiet refers ggray sources that are not
detectable by current radio surveys, either because tle lbadm is just not visible at our viewing angle or because
the radio emission is absent or very weak. PC models pretkchighest ratio of radio-loud to radio-quiet pulsars,
since they-ray and radio beams are co-aligned with the magnetic axgh-dltitude emission models predict much
lower ratios and many more radio-quiet pulsars, since/they beams are most often counter-aligned with the radio
beams. Current predictions are shown in Table 1. The resiittseese studies indicate that if the LAT finds many of



TABLE 1. Predicted GLAST pulsar populations

Normal pulsars Millisecond pulsars
Radio-loud Radio-quiet Radio-loud Radio-quiet
Low Altitude Slot gap [10][27] 81 43 16 99-131
High Altitude Slot gap [13] 5 49
Outer Gap [13] 1 258
[17] 78 740

the EGRET unidentified source near the Galactic plane aie-tadd pulsars, then the emission must come from a
low-altitude accelerator. Many of the simulated radioequmillisecond pulsars are located outside the bounds of the
surveys, but are bright enough to possibly be detected bywalp radio observations.

SUMMARY

GLAST LAT observations promise to provide answers to sonmelfumental questions about pulsar acceleration and
emission, including the location and type of acceleratarthe dominant modes of emission. In addition to detecting
many more radio pulsars ip rays, GLAST will detect previously unknown radio-quiet pails as well as aid in
detecting new millisecond pulsars.
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