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various radio observatories. Con dence contours have beenated in pulsar viewing
geometry which are compared with constraints from radio and X-yaobservations.
Model-derived beaming factors allow for more accurate determinahs of gamma-
ray luminosities. The best- t viewing angles follow a uniform, angular igtribution.
The distribution of magnetic inclination angles favors all angles equajlgontrary to
analyses of non-recycled pulsars, which supports the theory theiSPs have been
spun-up via accretion. There are suggestions that the radio em@s should oc-
cur nearer the light cylinder. These results have implications for MSPopulation
simulations and for addressing MSP contributions to di use backguods. The like-
lihood signi cantly favors one model over another for seven MSPwsijith the TPC
model largely preferred. An implied transition in the gamma-ray luminsity versus
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Chapter 1

Gamma-ray Astronomy

Astronomy began many centuries ago with curious minds looking up tihe sky
and wondering \Why?". They surveyed the skies rst with the nakel eye and then
with crude telescopes, always striving to learn more about humankliis place in the
grand play that is life. Much has been learned about the universe sethat time
and \telescope" technologies have improved greatly. However, wentinue to gaze
at the sky, looking ever deeper and asking the same questions, Imaiv with more
subtext.

Prior to 100 years ago, astronomy consisted of observations using what is
known as \visible light" consisting of the small portion of the electroragnetic spec-
trum (see Fig. 1.1) to which the human eye is sensitive.

Early in the twentieth century astronomy began to encompass waiengths
outside the visible band. Once it was possible to put satellites in spadeet extent
of the electromagnetic spectrum through which humans were olbg@g the universe
broadened greatly. Modern day astronomy encompasses oba&ons of astronom-
ical sources using not only light but also particles (e.g., cosmic rayseutrinos).
Note that searches for gravitational radiation from astrophysel sources are also

underway though no signal has yet been detected.

1Adapted from http://chandra.harvard.edu/art/color/colorspa  ce.html
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Figure 1.1 The electromagnetic spectrum ranging from the shortesgave-
lengths (gamma rays) to the longest (radio). Equivalent temperates
for each wavelength are also showrrigure Credit: NASA/CXC

1.1 Electromagnetic Radiation

Visible light is the form of electromagnetic radiation to which people arenost
accustomed. However, as shown in Fig 1.1, this accounts for butraal fraction of
the electromagnetic spectrum.

On the macroscopic scale, light can be described as a transverseentaaveling
at speedc = , with wavelength and frequency . The speed of a wave in vacuum
is constant; thus, waves with higher frequencies must have shertwavelengths and
vice versa. The energy ofawave &8 = h = hc=, whereh 6:626 10 ?/
erg s is Planck's constant.

When the frequency of light increases to the point that the wavelgth be-
comes comparable to the size of atoms or smaller, light can act as lb@ wave
and a particle. In this regime, interactions of light must be treated sing quantum

electrodynamics in which light is quantized into individual photons.



Electromagnetic waves are governed by Maxwell's Equations (givenkgs. 1.1, 1.2, 1.3,

and 1.4) for electric eld E, magnetic eld B, charge density 4, and current J.

r E =4 4 (1.1)
r B =0 (1.2)
_ 1®&
r E = @t (1.3)
_ 4 1@
r B = ?J‘+ cat (1.4)

In the case of no charge or current these reduce to simply Egs. arsd 1.5.

(—1: %t (1.5)

Therefore, a time-varying electric eld will produce a time-varying nagnetic
eld, and so on, which leads to a self-propagating electromagnetiave. The cross
product results inB ? E with propagation in a direction perpendicular to both.
This direction is given by the Poynting vectorS = (¢ ) E B which also gives
the ux of energy carried by the wave.

The term \gamma rays" applies to photons with the shortest wavelggths and
thus the highest energies. This form of light is generally referred ta terms of
photon energy as opposed to frequency (as is done for radio v&gver wavelength
(as is done for visible light). As such, it is useful to de ne a unit of emgy known
as the electron volt (eV) which is the amount of energy it takes to aelerate an
electron through a potential di erence of 1 V. To provide a frame foreference, 1 eV

1.602 10 *°J.



There is no single de nition which de nes when a photon stops being ax-
ray and becomes a gamma ray; however, for the purposes of thiedis a gamma
ray shall be taken to mean a photon with energ® 1 MeV (where an MeV is a
megaelectronvolt = 1§ eV). In particular, this discussion will focus on high-energy
(HE) gamma rays, those with energy 0.1 GeV (where a GeV is a gigaelectronvolt
=10° eV).

Morrison (1958) rst predicted that astrophysical sources wer capable of pro-
ducing gamma rays at detectable levels. However, gamma-ray astomy did not
truly begin until the 1960-70's with missions such as Explorer XI, whitobserved
the rst gamma rays from astrophysical sources (Kraushaar & l@rk, 1962); SAS-
2, which discovered discrete gamma-ray point sources and the ds& background
(Derdeyn et al., 1972); and COS-B, which pushed the detectable gton energies
up to 3 GeV and detected even more point sources (Swanenburg et al.81p

Prior to 2008, the study of HE astrophysics culminated in the launclof the
Compton Gamma-Ray ObservatoryThis observatory consisted of four instruments.
Of patrticular interest for HE astrophysics is theEnergetic Gamma-Ray Experiment
Telescope(EGRET ; see Thompson et al., 1993 for instrument details) which oper-
ated from 1991 to 2000. Among the principle achievements of tB&SRET detector
was the discovery of 271 HE point sources, most of which were nemly identi ed
with objects of known gamma-ray emitting source classes detedtat other wave-
lengths. Of the identied EGRET sources most were active galactic nuclei (AGN)
though a handful were pulsarsEGRET also mapped the di use emission from the
Milky Way and discovered that gamma-ray bursts were capable of @ducing pho-

4



tons with GeV energies (Hurley et al., 1994). Production of such engetic gamma
rays can only occur in the most extreme environments in the universthus, HE

observations probe regimes of physics which are not easily accdesim Earth.

1.2 Thermal Radiation

An astrophysical object with a temperature T will emit photons via hermal radi-
ation. Thermal radiation is de ned to be \radiation emitted by matter in thermal
equilibrium” (Rybicki & Lightman, 1979). The spectrum of thermal radiation is
found to follow Planck's Law, Eg. 1.6, wherdg is Boltzmann's constant 8.6 10 °

ev K 1
2ES 1

Be = (hoZexpiE=keTg 1

(1.6)

For a given observed energ)¥e, Eq. 1.6 describes the rate at which energy is
emitted into a given solid angle and area. The shape of this spectrumskown in
Fig. 1.2 for di erent values of T.

Wien's Law is apparent in Fig. 1.2; namely, for energiel kg T the ex-
ponential dominates and the spectrum goes like eikpE=kg Tg, cutting o very
sharply. Note also that even for temperatures of £ the spectrum peaks and falls
0 before 1 GeV. Production of thermal gamma rays would requirextremely high
temperatures and any astrophysical body which was that hot wddi be unstable.
Thus, the radiative processes which produce gamma rays must benrthermal. In

particular, production of HE gamma-rays generally, but not alwaysrequires
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Figure 1.2 Thermal spectra, Eq. 1.6 for di erent temperatures asdi-
cated.

acceleration of charged particles to relativistic energies. Note thavhile gamma
rays must be non-thermal in nature not all non-thermal radiatiorneed be gamma
rays.

Many astrophysical sources do emit thermal radiation (often in adition to
non-thermal radiation). This facilitates the de nition of a brightness temperature
(Ty). For a source with measured speci c intensity at frequency the brightness
temperature is the temperature for which Eqg. 1.6 (withE replaced byh ) returns
| . This is the temperature at which a blackbody would be if it were to hav the

same speci ¢ intensity at the same frequency. A blackbody is de deas an object



which absorbs all incident radiation and re-emits it with the charactestic thermal
spectrum (Carroll & Ostlie, 1996).

The brightness temperature can often be used to infer physicatgperties of
the source, but only if the emission truly is thermal. For instance, dears are mea-
sured to have brightness temperatures at radio wavelengths whignply unphysical
temperatures. For instance, giant pulses from the Crab pulsar irpT, & 10® K

(Lorimer & Kramer, 2004).

1.3 Non-thermal Emission Processes

A charged particle which is accelerated will produce electromagnetiadiation. For
a particle with chargeq experiencing an acceleration of magnituda such that the
velocity of the charge is much, much less in magnitude than the speefllight (i.e.,
the particle is non-relativistic) the power radiated away is given by EqL.7, which is
the Larmor formula (Jackson, 1999) with a negative sign indicatinghat the particle

is losing energy.

%g (1.7)
Charged particles can not radiate away more energy than is given tloeem by

the acceleration. Assuming that an electron were to emit all of thenergy it gained

from acceleration at once and that it were to emit a 1 GeV gamma raghen it must

be accelerated to an energy of 1 GeV (neglecting the relatively smaedist mass of

the electronm, = 0:51IMeV=¢&). This implies a Lorentz factor 2000 which

requires a velocity 99.99997% the speed of light.



While charged particles do not radiate all of their energy at once arttiere are
more factors to consider, what is clear from the arguments aboigethat Eq. 1.7 will
not be applicable to charged particles energetic enough to emit HE rgea rays.
The relativistic equivalent of Eq. 1.7 for a particle with velocity™ and acceleration
4 (in units of ) is given by Eq. 1.8, this is known as the Lenard result (Jackson,
1999). Note that the squared vector quantities indicate that an imer product of the

vector with itself should be taken.

P = gq_z ¢ @2 (- @2 (1.8)
3¢
There are three principal forms of non-thermal radiation of impdance for HE
pulsar emission models. These are synchrotron radiation, curvaguradiation (CR),
and inverse compton scattering (ICS). While both of the former fons of radiation
involve particles being accelerated along curved trajectories in tipeesence of mag-
netic elds, the details are somewhat di erent. The latter radiation occurs when
light interacts with relativistic charged patrticles (typically electronsor positrons)
and gains energy.
Another important form of non-thermal emission occurs when anlextron
changes direction quickly due to the presence of an electromagaoetld. This is
called bremsstrahlung (or braking) radiation and is important for te methods of de-

tecting gamma rays discussed in Section 1.6. Note that bremssthaig is important

as an emission mechanism from some astrophysical sources butmasars.



1.3.1 Synchrotron Radiation

Synchrotron radiation occurs when a charged particle gyratesamd a magnetic
eld line. The relativistic form of the Lorentz forces exerted on a carged particle
of rest massm moving with a velocity ~ in a magnetic eld B and an electric eld
E are given by Eq. 1.9 and 1.10 (Rybicki & Lightman, 1979), assuming madiative

losses.

T
)
3
<
I

q B (1.9)

—(mc?) = cq E (1.10)

In the case thatE = 0, Eq. 1.10 implies that is constant with time which
also implies thatj~j is constant (using that = (1 2) ¥2). In the event that
E 6 0 this condition can be satis ed by transforming to a frame where thelectric
eld vanishes. The following arguments will then apply, the radiation poperties can
be assessed, and then the proper Lorentz transformations damapplied to evaluate
the radiation in the original frame.

By the nature of the cross product in Eq. 1.9 the componerit parallel to B
will not change with time; thus, the magnitude of the perpendicular@mponent will

be constant as well and only the direction will change following Eqg. 1.11

d _,_ 4 _
a?)_m—c B (1.11)

The solution of Eq. 1.11 is uniform circular motion with angular frequesy
I's = gB=mc. The particle will thus circle around the eld line while continuing

in the direction of 7. In a time which is short compared to the energy loss time,



the particle will follow this helical motion; however, as the particle is gxeriencing
accelerated motion it will radiate and thus the motion will diverge fronthe simple
case considered above.

The total power per unit angular frequency radiated away from armlectron

undergoing such acceleration is (Rybicki & Lightman, 1979),

p_
3B L
Z—WS"]( )F o (1.12)

P() =
where is the angle between the direction oB and ~ and! (3=2) 3! ¢sin( )
is the critical frequency up to which the spectrum should extend bare falling o

signi cantly. The function F is given by Eq. 1.13 wher& s_3 is the modi ed Bessel

function of second order with n = 5/3.

Z 1
F(X) = x  Kss( )d (1.13)

X

With ! I ¢, F goes like! 3 and for ! I ¢, F goes like! 2 with an
exponential cuto expf !=! .g.

In astrophysical sources the accelerated particles are not m@mergetic. These
sources are often observed to have spectra which can be desctiby a power law
over some energy range. This implies that the underlying particle pafation will
have a power law energy distribution over some energy range. Thaserved spectral
index can be related to the power law index of the emitting particles.nlparticular,
assume the number of particles with energy betweé&hand E + dE can be described
by N(E) = C(E P)dE for some constanC. Following Rybicki & Lightman (1979),

the total power per unit angular frequency will also take the form foa power law

10



in I with spectral indexs = (p 1)=2, thus relating the observed index to the
distribution of accelerated particles.

The equations given above are only valid for magnetic elds 4 10 G.
As will be seen in Chapter 2, the derived mangetic eld strengths neghe surface
of most pulsars violate this requirement and thus quantum synchi@n radiation

formulae must be used (e.g., Sokolov & Ternov, 1968 and Harding &il.2006).

1.3.2 Curvature Radiation

In Section 1.3.1 the radius of curvature () of the motion was the radius of circular
motion (i.e., the gyro-radius) determined by the strength of the mgnetic eld re-
sponsible for the acceleration. Synchrotron radiation can be thght of as a speci c
case of CR corresponding to a circular motion caused by a magnet&ld at angle
to the particle velocity. Following (Jackson, 1999), Eqg. 1.8 can beweitten as given
in Eg. 1.14 to describe the power emitted away from a particle following generic
curved trajectory.

¢’c
— (1.14)

wWIN

The particle need not be accelerated such thatis constant (i.e., the motion
does not need to be circular) and thus the emitted CR spectrum willi@r from that
of synchrotron radiation. However, at any point along the trajetory the particle can
be thought of as undergoing instantaneous circle motion. Thus, éhemitted power
will be similar to Eq. 1.12 with ! ; replaced by! cr( ) (3=2) 3c= (Jackson,

1999) and the sin() dependence removed.

11



The CR spectrum is often cast in terms of a critical energycr = h! cr=2
which is rewritten by using~ = h=2 and substituting the formula for! cg above
to give cr = (83=2)c~ 3= . The power emitted, at photon energy, from a single
charge as a function instantaneous radius of curvature is

P-cf c
3———F — ; 1.15

Pcr =

where a factor of~ * has been introduced to Eq. 1.12 (changes from per unit angular
frequency to per unit energy) and the relatiodn = c¢ = (Jackson, 1999) has been
used. Note that the second term in the right hand side of Eq. 1.15deces to the
ne structure constant ( ) whenq = e.
HE pulsar emission models posit that the observed gamma rays arerr
electron CR in the radiation-reaction regime (see Section 1.4.1) whidtcurs at
rRrR = (1 :5Ek:e)111p ~ (Venter & De Jager, 2010), whereE, is the magnitude of

the accelerating electric eld. This results in a cuto energy of
R e3P Gev, (1.16)

whereEys  Ex=10* statvoltcm ! and ¢ =10 cm.

For both synchrotron radiation and CR from relativistic particles the emission
is beamed in the instantaneous, forward direction in a cone of half@e 1= . This
will be particularly important for HE pulsar emission models in which paiitles
are accelerated along curved magnetic eld lines (see Chapter 2) wihigh enough
Lorentz factors such that E 0. This results in gamma rays being emitted, to
good approximation, tangent to the eld lines which simpli es the georatric models
described in Chapter 5.

12



1.3.3 Inverse Compton Scattering

The basic Compton scattering process involves the interaction lveten a photon
and a charged particle with rest massn. For simplicity, assume that the charged
particle is at rest; for the case of a non-accelerated patrticle thigm be achieved
using a Lorentz transformation. Let the initial and nal energies 6 the photon be
i and ¢, respectively. By accounting for energy and momentum consetian the

nal photon energy is

T 1+( clos())m—icz (1.17)

where is the angle between the initial and nal photon directions. Note tha
Eq. 1.17 predicts that ; i depending on and the quantity ;=mc. Therefore,
the particle gains energy from the photon in standard Compton sttaring.

Eq. 1.17 is valid in the rest frame of the particle. In this frame, sincehe
particle is initially at rest it must gain energy from the photon. ICS ocars when
the particle is moving in the lab frame resulting in an increase of the ptan energy.

In particular, let the particle be moving with velocity ~ in the lab frame where
the photon has initial energy | such that the angle between the photon direction
and ~is . The initial photon energy in the electron rest frame is related to té lab
frame valueas; = | (1 cos( )) using the relativistic Doppler shift (Rybicki
& Lightman, 1979).

Even though the particle velocity will change due to the interactionboosting
back to the lab frame will still use the same and as the initial boost. Let

the angle between the nal photon direction, as observed in the laframe, and

13



initial boost direction be . The nal energy of the photon in the lab frame is thus
L = ¢(1+ cos()). For highly relativistic electrons, the total ratio between nal
and initial photon energies can be of order 2 resulting in large energy gains for
the photon.

In some astrophysical sources the observed HE gamma rays dneught to
be ICS of lower energy optical or X-ray photons o of relativistic eletrons. For
ICS of an isotropic photon eld with energy densityU o an isotropic electron
distribution, all with the velocity of magnitude , the total power from ICS is

(Rybicki & Lightman, 1979),

P = TrE,c 2 2y; (1.18)

note that this assumes each photon and each electron interactttugh ICS only once.
For a distribution of electrons with some spread in, Eq. 1.18 can be integrated over
the corresponding number density of Lorentz factors to nd théotal emitted power.
Similar to synchrotron radiation, the spectrum of ICS radiation fron a population
of electrons with a power law energy distribution with index pis also a power law
with spectral indexs = (p 1)=2.

As noted by Rybicki & Lightman (1979), the previous arguments asime that
these processes can be treated classically. This is a valid assumpifon . 100
keV but for higher photon energies in the particle rest frame quanin e ects must
be considered. In particular, treating photons as discrete partes serves to lower

the cross section and reduce the e ciency of ICS.

14



1.4 Bremsstrahlung Radiation

Bremsstrahlung radiation occurs when the trajectory of a chaegl particle is de-
ected by the electromagnetic eld of another charged particle. &+ the purposes
of Section 1.6, bremsstrahlung radiation from electrons and posiis traveling in
matter and interacting with the electromagnetic eld of a positively ©iarged nucleus
will be considered.

One way to characterize bremsstrahlung radiation (Rybicki & Lighihan, 1979)
is to consider an electron interacting with a nucleus of atomic numbet such that
the total charge and mass of the nucleus atg = Ze and m,, respectively. Assume
that both (or one) of the particles are moving at relativistic speedbut that both
are unaccelerated such that it is possible to boost to an inertial finee of reference
in which the electron is at rest before the interaction occurs. If # electric eld
of the nucleus at rest isEz, the Lorentz transformation suggests that the electron
will observe the elds given in Egs. 1.19 and 1.20, where thkeand ? indices refer

to velocity direction of the nucleus. Assuming a large Lorentz faatcsuch that

Ez.» E.« this results in E2 BY.
E} = Ezx+ Ezo (1.19)
B = cE, - (1.20)

To the electron, this will appear as an electromagnetic wave o of vith it
will Compton scatter (see Section 1.3.3). Note that these are viréli quanta which
scatter o of the electron but it is a helpful way of addressing the blem. For
an impact parameter (i.e., transverse direction of closest apprdgch, the emitted

15



energy per unit frequency as observed in the lab frame is given by.Hg21 (Rybicki
& Lightman, 1979), whereK, is the modi ed Bessel function of the second kind

with n = 1.

dw 8225 bl 2 D
dl~ 3b2m2 2 K1 = (1.21)

The above arguments have been made assuming relativistic partickeg note
that Eq. 1.21 is only valid for frequencies such that m ,¢. For higher ener-
gies quantum mechanical corrections must be made. Additionally,rforemsstrahlung
in matter of a given density this must be modi ed to include the path legth of the
electron through the material. To rst order this should simply be a natter of
incorporating the number of nuclei within a cylinder of radiusb centered on the
projected path of the electron and integrating for a typical pathHength.

Note that while the above discussion has dealt with non-thermal ensisn such
a thing as thermal bremsstrahlung emission does exist. This occuben the ob-
served emission originates from a population of electrons with a timeal distribution

of speeds; thus, the emission is still, at heart, non-thermal.

1.4.1 Radiation-Reaction Limit

Newton's third law of motion says that for every action there is an el and opposite
reaction. This applies to photon emission just as easily as it does todi@akinematics.
Photons carry momentum of magnitudgp = h =c and conservation of momentum
requires that the emitting particle experience a change in momenturaqual but

opposite to that of the photon. However, if the particle experiergs a change in

16



momentum it must experience a force p. This is known as the radiation-
reaction force.

This is important for charges being accelerated because it implies theot only
must the accelerating forceE,.c) give energy to the particle but some of the energy
must go into countering the radiation-reaction force. The radiatio-force must scale
as the emitted photon energy, thus when the photon energy is shelative to Fac
the particle continues to gain energy.

However, as the particle continues to accelerate and gain enerdpetpossible
energy of emitted photons will grow as well. At some point these twarces will
reach a balance where all d¥,.. goes into counteracting the radiation-reaction force
and the particle continues to emit but ceases gaining energy. This iadwn as the

radiation-reaction limit.

1.5 Absorption Processes

While it is important to understand the processes which produce thebserved
gamma rays, it is also important to know in what ways those same ganamays can
be absorbed. The reason for this is two fold. Firstly, the high enasg of gamma rays
means that they have wavelengths similar to the size scale of atoni$ius, gamma
rays can not be re ected and focused as they will instead travehtough matter

where interactions can occur which change their energy and/or rogert them to a

di erent form. Secondly, the environments which lead to HE gammaays are of-

ten complicated and certain absorption processes can a ect théserved spectrum;

17



therefore, matching spectral features to known processe®pides information about
the environments and emission processes at work.

One such process, Compton scattering, has already been disedss Sec-
tion 1.3.3. Another important absoption process is pair conversiong., the creation
of an electron-positron pair from one or more gamma rays. Pair ogrsion occurs

when a gamma ray interacts with an electromagnetic eld or anothgphoton.

1.5.1 Pair Conversion With One Photon

To create an electron-positron pair using one photon requires théne photon have
enough energy to create the rest mass of both particles (1 MeV). However, an
isolated photon can not spontaneously decay into an electron-ftosn pair, even if
the photon energy is much greater than®.c?>, as momentum and energy can not
simultaneously be conserved.

Another way in which to see that this is true is to consider a photon wit
energy< 2mcc? in an inertial frame of reference. Clearly, this photon can not dega
into an electron-positron pair. Suppose that a Lorentz transfonation was used to
boost to another frame of reference in which the photon is now @sed to have
an energy signi cantly greater than Zn.c2. In this new frame pair creation would
be energetically viable. Assume the photon was to spontaneouslgate an electron
positron pair in the boosted frame. If an interaction occurs in onealid frame of
reference it must occur in all; thus, this interaction would also be obsved to occur

in the original reference frame where it was not energetically fealsib Therefore,
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the interaction can not occur, even in a frame for which the photoanergy permits
it.

Given a photon of su cient energy all that is needed is some way to k"
up the excess momentum. The easiest way to do this is to introducéher an
electric and/or magnetic eld which provides a virtual photon for the initial photon
to interact with.

While the extremely short wavelengths of gamma rays allows them toatvel
through matter easily they can interact with the electric elds of the constituent
nuclei. The attenuation coe cient from this process in the regime wareE MeC?
is given by Eq. 1.22 (Erber, 1966) where, h=m¢c is the Compton wavelength,
No is Avogadro's number, is the material density, A is the atomic weight, andZ

is the atomic number.

14 2
#Z) = 57 tNo 2—° h(Z) 0:640( 12)? (1.22)

The function h(Z) in Eq. 1.22 includes screening e ects and Coulomb correc-

tions and is given in Eq. 1.23 (Erber, 1966).

1
h(z) = GK( tZ)? In 278::;’ +0:083 1:20( 1Z)®> 1 0:86( ;Z)? (1.23)

All of the Z dependence of the attenuation is i(Z) which for high Z is
roughly of orderZ®. The attenuation increases only linearly with density and this
is 0 set by the increase inA for higher Z materials, so care should be taken when
choosing the optimal material for instruments designed to use thabsorption pro-

cess to detect gamma rays (see Section 1.6). Note that in this highergy regime
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the attenuation is energy independent but the cross section fone interaction will
decrease with energy.

One-photon pair production using just a magnetic eld is more dicult as
it requires that the ratio Rg (E=mc?)(B=B,) & 0:1 to reach signi cant
transition probabilities (Erber, 1966), whereB , 4:414 10 G is the quantum
critical eld. Note that reaching both su ciently high photon energies (E) and
magnetic eld strength (B) in a laboratory setting on Earth is di cult.

As will be seen in Chapter 2, a gamma-ray pulsar can easily create pits
with E 100 MeV near the stellar surface. AchievingRg & 0.1 with photons
of this energy requires a magnetic eld strengtiB & 2:2 10° G. This condition
is easily satised by many pulsars. Additionally, pulsars are known to npduce
photons with GeV energies which lowers the required magnetic eldrsihgth by
another order of magnitude.

Erber (1966) gives the photon attenuation coe cient for this praess as,

MeC? 4m.Cc?’B
= 0:16 K2, = = 1.24
. E Y 3E B (1.24)
which reaches a maximum for xedB at E=m.c? 12(B,=B). For xed E, on

the other hand, Eq. 1.24 is a strictly increasing function d8 which means that for
su ciently high magnetic eld strength the process is e cient for ar bitrarily high

photon energies.
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1.5.2 Two-Photon Pair Creation

While one photon, alone, can not produce an electron-positron pdor the reasons
discussed above, two photons can provided that the energeticsrmit it. In prin-
ciple, the minimum energy required is @C? 1 MeV. However, this assumes a
head-on collision which produces an electron and positron instaneously at rest.
In practice, the angle between photon velocities will not be head-and thus the
produced pair must have non-zero velocities to conserve momemtwhich pushes
the energy requirement abover.c°.

Following Yadigaroglu (1997), the cross section for this interactiors given
by Eq. 1.25, wheres is the total energy in the center-of-momentum frame and

(s) = 2meC*=s.

h
(s) =15 (s) 2+ *(s)  “9))cosh *( Ys))

p 1
1+ Xs) @  X9) (1.25)
This cross section is zero for (s) > 1, reaches a maximum value aff for
S 4:4m.c?, and then decreases for increasirgy
1.6 Detection Methods

As noted previously, focusing gamma rays is an unfeasible prospdat to the ease
with which they penetrate matter; however, gamma rays undergeell-understood
processes in matter. In particular, gamma rays will pair produce in dense, high-

Z material and the resulting particles can be tracked. For photonnergies& 1
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GeV pair production is the dominant process; however, from1-30 MeV Compton
scattering is the dominant absorption process.

There are two classes of gamma-ray telescopes, those which afeein space
and those which operate on the ground. While both are pair-conon telescopes
the details and sensitivities of the two classes are quite di erent. Fdoth classes
of gamma-ray telescopes the sensitivities are very dependent drettime scales
and backgrounds of interest. Therefore, while approximate emgrranges are given
for each class in the following discussion, the interested reader iereed to the

appropriate references for more detailed sensitivity curves.

1.6.1 Space-borne Observatories

While the elements which comprise the atmosphere do not have pactiarly high Z
values nor is the atmosphere exceptionally dense, it is rather big. 0%, the atmo-
sphere is e ectively opaque to cosmic gamma rays. This necessitatgetting above
the atmosphere to perform gamma-ray astronomy, except at ¢hhighest energies
(see Section 1.6.2).

Space-borne, pair-conversion telescopes provide the convegtimaterial and
track the resulting particles through the detector. Notable exapies includeEGRET
(Thompson et al., 1993) AGILE (Tavani et al., 2009), and theFermi Gamma-ray
Space Telescopésee Chapter 3). These telescopes operate(d) in the energygan

from tens of MeV to tens of GeV (and beyond).
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The maximum energy to which such instruments are sensitive is limited/lthe
amount of converting material which can be launched from Earth. fese require-
ments generally limit space-borne observatories to energies300 GeV, beyond that
the probability of a gamma ray interacting in the instrument is extrenely low.

Observatories in space face many other issues as well. The techgplosed to
detect gamma rays will also trigger on charged particles. The sigrfedm such cosmic
rays is 13-10° times greater than some of the brightest gamma-ray sources whic
means that background rejection is a di cult and important task. The background
rejection is typically achieved, to lowest order, by surrounding thenstrument with
a charge sensitive material.

Additionally, space is full of \junk" which means that the instruments have to
be shielded from micrometeorites and other small space debris. Amace something

breaks it is typically not possible to access the instrument and X it.

1.6.2 Ground-based Observatories

As noted in Section 1.6.1, gamma rays incident on the atmosphere wilipconvert.
The resultant electron and positron will be highly energetic and thefore traveling
at nearly the speed of light in vacuum. The speed of light in air is in fact$s thanc
but note that relativity limits the maximum velocity to c, not to the speed of light
in the particular medium of travel. Therefore, it is possible for chameg particles in
the atmosphere to travel faster than the speed of light in air andn doing so, they

will emit what is know as Cherenkov radiation.
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The particles can also interact via bremsstrahlung radiation and eménergetic
photons which can, in turn, create another energetic electrorspitron pair. This
leads to an electromagnetic shower in which further particles areeated until the
shower constituents no longer have su cient energy to producehptons capable of
pair production.

For photons with very high energies & 100 GeV, VHE) su cient numbers
of secondary particles and/or Cherenkov radiation will make it to tk surface of
the Earth to be meaningfully detected. There are two detection niieods for such
photons, observatories which image the resulting Cherenkov lighb@ those which
measure the secondary particles on the ground.

Prominent examples of telescopes which measure the Cherenkov tlighe
Whipple (e.g., Akerlof et al., 1992), MAGIC (e.g., Colin et al.,2009) , HESSe(g.,
Hinton, 2004), and VERITAS (e.g., Holder, 2006). These obsen@ies operate in
the energy range of 100 GeV to tens of TeV. Examples of observatories which
measure the particle showers on the ground are Milagro (e.g., Sullivahal., 2001)
and HAWC (e.g., Gonzalez et al., 2008). Such telescopes are geitigraensitive to
energies 100 GeV to 100 TeV.

Ground-based observatories have the advantage over spacere telescopes
of being serviceable and upgradable as well as having much largeratiee areas.
However, there are downfalls to using the atmosphere as a conivey material.
It is not of constant density or composition and changes over timeModels of
the atmosphere do exist and are used to estimate instrument penmance but the
systematics must be evaluated carefully. Additionally, events initiad by cosmic ray
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electrons incident on the atmosphere will look similar to those from gana rays.
However, the electron events should be, roughly, isotropic on tis&y and thus will

not create 'point-like’ event excesses.

1.7 Conclusions

Gamma-ray astronomy allows some of the most extreme environnerf the uni-
verse to be explored and tests physical theories in regimes whicle aot accessible
to laboratories on Earth. What has not been discussed in this chagmtis the fact
that multi-wavelength studies are the real key to gamma-ray astphysics (though
one might convincingly argue that such studies are the key to all asphysics). The
emission processes described in Section 1.3 do not emit only HE phetamd un-
derstanding how the GeV spectrum connects with observations lwer and higher
energies is important for fully characterizing the source.

Multi-wavelength studies are especially important for understandop pulsars
which, in some cases, are seen to emit at radio, optical, radio, X-rand gamma-ray
wavelengths. Note that pulsed gamma rays from the Crab pulsar ¥&been detected
up to 60 GeV by MAGIC (Albert et al., 2008), making pulsars TeV sources as
well. As will be seen in Chapters 7 and 8, when modeling the emission pes
from pulsars using only radio or gamma-ray data it is possible to arriva incorrect
conclusions. However, combining information from both wavebandsads to strong

tests of emission models.
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It is an exciting time in gamma-ray astrophysics. There are two HE nssons
currently in orbit, several VHE observatories operational on theground, and a
number of X-ray telescopes operating in space as well. These olstries are
augmented by ground based radio and optical telescopes acrdss globe. This has
facilitated an unprecedented level of coverage for many sourced led to exciting
new discoveries (e.g., Abdo et al., 2010i and 2011a).

Our knowledge of HE sources has grown rapidly in the last few yeansdamore
guestions have arisen which drive the development of new analysisiagetection
techniques. In large part this has been facilitated by the willingness observatories
and individuals to share information and work towards a deeper undganding
of astrophysical phenomena. One can only hope that this collabdiree attitude

persists and leads to many more exciting discoveries.
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Chapter 2

Pulsars

The rst pulsar was discovered by Jocelyn Bell (Hewish et al., 1968)sing a radio

telescope built at the Mullard Radio Astronomy Observatory to measge interplan-

etary scintillation from quasars. The pulsar signal was rst interpeted as sporadic
interference but the periodicity of the signal (with period of 1.337)s localization

to a speci c location on they sky, and lack of measurable parallax sggsted the
source was, in fact, outside the solar system. Hewish et al. (19¢®)sited that these
sources could be either white dwarfs or neutron stars (see Segtih1.1) undergoing
radial pulsations and suggested that the 1 s period argued in favor of a neutron
star interpretation.

Soon after the initial discoveries Gold (1968) argued that, basech ¢the repe-
tition of ne-detail structure and observed polarization, the pulgar powerhouse was,
in fact, a rotating neutron star with a strong magnetic eld in which the primary
magnetic axis was o set from the spin axis by some angle)(Lyne & Smith, 1968).
Linking the periodic nature of the emission to the rotation of the newon star nat-
urally explained the pulse shapes in terms of a ‘lighthouse’ e ect as éhmagnetic
axis swept across the line of sight of an observer located at an anglgwith respect

to the spin axis. Gold (1968) also tied the emission mechanism to the-ating

27



plasma in the magnetosphere, predicted that the observed persdhould be very
slowly increasing, and that there should be more objects with evenner periods.

Pacini (1968) cautioned that there existed di culties to overcomen the model
of pulsars as rotating neutron stars given the fact that such obgts were thought
to be born in supernova explosions (Baade & Zwicky 1934a,b). In p@ular, given
the supernova environment, it was not clear if pulsed radio emissionoud escape
and retain a periodic signature. However, using the Deutsch eld (@utsch, 1955)
for a rotating star with misaligned rotation and magnetic dipole axesRacini (1968)
demonstrated that such a source could not only power the obsed/pulsars but also
the Crab nebula.

Only a few months later Staelin & Reifenstein (1968) discovered twailsating
sources in the vicinity of the Crab nebula (NP 0527 and NP 0532) butjue to a
time-resolution of 50 ms, they were unable to provide more than upp limits on
the periods. Comella et al. (1969) con rmed the existence of onelpating source
consistent with the center of the Crab nebula and measured its ped to be 33.09 ms.
The other source was found to be a 3.75 s pulsar (Zeissig & Richarti869) which
had already been localized 1 :2 from the center of the Crab Nebula (Reifenstein
et al., 1969).

The detection of the Crab and, subsequently, Vela (Large et al., @8) pulsars
with spin periods of 33 and 89 ms, respectively, rmly ruled out the white dwarf
hypothesis. The minimum spin period of a white dwarf is 1 s. For faster rotation
matter at the surface of the star would have to travel at a speedbove the stellar

escape velocity and thus the white dwarf would y apart.
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Comella et al. (1969) also measured the change in spin frequencytw Crab
pulsar to be 16:07 MHz s 1, indicating that the pulsar period was increasing very
slowly as predicted by Gold (1968). Assuming that the period is incremg due to
magnetic dipole radiation and using the measured spin-down rate witleasonable
neutron star properties the pulsar was estimated to be losing rdtanal energy at a
rate of 7 10%® erg s, nearly exactly what is needed to power the Crab nebula
(Finzi & Wolf, 1969 and Gunn & Ostriker, 1969). This nding rmly cemented the
theory that pulsars are rapidly-rotating, magnetized neutron sirs born in supernova

explosions.

2.1 An Overview of Pulsar Theory

Before exploring pulsar emission further, it is necessary to rst @lore the theory
behind the pulsar engine. A full treatment of neutron stars and @uation of the
equation of state is beyond the scope of this thesis; however, masutron star
models share basic traits from which it is possible to infer many progers when
combined with timing measurements and assumptions as to the pulsaragnetic
eld structure.

When discussing pulsar theory it is important to keep in mind that while @me
properties can be measured very precisely, such as timing paraerset others can
not, such as the mass, radius, and magnetic eld; thus, there etgsa large degree

of uncertainty in the neutron star equation of state.
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Neutron star magnetic eld strengths can be inferred assuming apblar ge-
ometry which should dominate far from the star but it is likely that higher-order
multipoles play an important role near the star though these elds aanot be mea-
sured directly. Radius measurements can be made by modeling obsdrthermal
X-ray emission (e.g., Lattimer & Prakash, 2001) but this has to asswe that the
entire polar cap is heated and thus some uncertainties still persist such measure-
ments. The masses of some neutron stars in binary systems canelsemated from

timing measurements to varying degrees of precision (e.g., Demoretsal., 2010).

2.1.1 Neutron Star Basics

Early in the twentieth century, stars were thought to have one, miversal endpoint in
the form of white dwarfs. Normal stars, such as the sun, are &fl@ against gravita-
tional collapse due to the outwardly directed radiation pressure @hotons released
during fusion processes occurring in the stellar core. However, iasvrealized that
a star would eventually be unable to continue to sustain the necesgaadiation
pressure through fusion and be susceptible to gravitational colls@. Observations
of white dwarf stars had revealed them to be extremely dense, acfavhich was
greatly puzzling until Fowler (1926) applied principles of quantum mé@nics to the
problem and demonstrated that electron degeneracy pressuriayed a vital role in
sustaining such stars against gravitational collapse.

Eddington argued for the existence of a maximum stellar temperatel and

pressure which would preclude any 'riotus suggestions' of stars wigreater densi-
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ties (Eddington 1931 and 1933) and thus all stars would die a white dwf death.
However, Chandrasekhar (1931a,b) showed that electron degescy pressure was
not su cient to prevent further gravitational collapse for a star more massive than

0.91 solarmasses (M), this was later re ned via a more careful treatment of
the equation of state to the well-knownChandrasekhar Limitof 1:4 M (Chan-
drasekhar, 1935). While neutron degeneracy pressure pregetie collapse of neu-
tron stars with masses above th€handrasekhar Limitit is insu cient to prevent
collapse if the mass is above a few M This brought back the specter of unchecked
gravitational collapse and was met with some resistance (e.g., Eddiag 1935) as
it implied runaway collapse of massive stars (i.e. black holes).

Neutron stars went in and out of scienti ¢ popularity as they were hought to
be unstable above a mass of0.7 M (e.g., Oppenheimer & Volko 1939) at which
point the star would, more naturally, be a white dwarf. However, Gaeron (1959)
demonstrated that by treating the equation of state more realigtally (as opposed
to previous authors who assumed a non-interacting Fermi gas)dghmaximum mass
of a neutron star was 3 M at which point the neutron degeneracy pressure would
no longer be su cient to prevent gravitational collapse. This refuted speculation
that neutron stars were created in supernova explosions as it dorot require as
much mass to be shed during supernovae of massive stars. Howeas discussed
above, the supernova to neutron star link remained somewhat wrtain until the
detection of the Crab pulsar.

The exact neutron star equation of state is unknown and many dimnt the-

ories exist but most share a few basic traits. Neutron star modelgpically consist
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of ve regions (Latimer & Prakash, 2004): an outer atmospheresnvelope, surface
crust, outer core, and inner core. The envelope and atmosphe@ntain little mass
but should a ect the emitted radiation to some extent. The crust isthought to
extend a few km below the surface and consist of nuclei, the mixtuoé which varies
with depth as the density changes. Near the bottom of the crustpp of the outer
core, the matter begins to transition into a neutron super uid. Tte inner and outer
core contain the majority of the neutron star mass. It is expectethat the neutrons
should be a super uid in the inner core with protons in a supercondting state.
The exact content of the inner core is not known, but it is possible tbhave matter
in exotic states such as strangeness bearing hyperons or Bosedensates of pions
or kaons (Latimer & Prakash, 2004). Note that the recent mass easurement of
1.97 0.04 M for PSR J1614 2230 (Demorest et al., 2010) rules out many of the
more exotic equations of state.

Models typically predict masses between 1 to 2 Mwith radii between 5
to 15 km. Assuming a sphere with a uniform density, the neutron stanoment of
inertiais | = (2=5)MR? (for a mass M and radius R) resulting inl 10% g cn?
for a mass of 1.4 M and a radius of 10 km. For a pulsar with angular frequency
the rotational kinetic energy isl  2=2. Given that this value ofl assumes a uniform
mass distribution, which is clearly not realistic, the value of 8 g cn? should be
taken as an order of magnitude estimate.

Pulsar mass measurements generally take advantage of geneedativistic ef-
fects of binary systems, such as measurements of excess timaydein eclipsing

systems (Demorest et al., 2010). These measurements tend torbeghly consistent
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with the assumption of 1.4M though millisecond pulsars (MSPs, see Section 2.2.3)

do seem to have slightly higher masses consistent with accretionnfra companion.

2.1.2 Pulsar Electrodynamics

Deutsch (1955) solved for the internal and external electromagtic eld of a per-
fectly conducting sphere with a dipole magnetic eld rotating in vacuo The func-
tional form of the magnetic eld is given in Chapter 5, assuming a dipolemoment of
magnitude and an angular frequency of rotation , the power radiated awayrom
a rotating dipole in vacuum is given by Eq. 2.1 (Jackson, 1999) using arnvention
of positive values for energy loss to re ect the rate at which eneygs incident at
an observer exterior to the star. Note that no emission is prediadaf the magnetic
and rotation axes are aligned (i.e. =0 ).

224

33 sin?( ) (2.1)

Edip =

However, Goldreich & Julian (1969) demonstrated, for an aligned tator,
that the vacuum condition could not be maintained as charges wouldebpulled
from the surface, by a strong component of the electric eld palial to the magnetic
eld, resulting in a pair-plasma lling the magnetosphere and disturbirg the eld
structure. One consequence of their work was the realization thiatational energy
is lost even for an aligned rotator as it is ultimately the rotation that dives a wind
of particles from the stellar surface which carries energy away.

Goldreich & Julian (1969) assumed that the star was a perfect coactor.

They argued that the rotation would induce a surface charge dishution resulting
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in an electric eld satisfying Eq. 2.2, whereBj,; is the internal, dipole eld without
rotation and + is the position vector at a given point in the star. This condition is
simply the statement that the electric eld within an perfect condudor is zero, but

note that in the surface charge layer this is not true.
1 _
Eint + (_: L Bint =0 (2-2)

By solving Laplace's equation Goldreich & Julian (1969) showed that ¢hpo-
tential at the surface of the star was given by Eq. 2.3 wheg,¢ is the magnitude
of the magnetic eld at the pole, P, is the Legendre polynomial of degree 2, is
the polar angle referenced to the spin axis, and\R is the neutron star radius. In
vacuum, the quantity Eeyxx Bex exterior to the star (Eq. 2.4) can be calculated
by taking the negative gradient of Eq. 2.3 and using the assumptiorf a dipole

magnetic eld.

B RR
ourf = %Pz(cos( ) (2.3)
R R 7
Eext Bext = CNS 'I,\IS Bs?urf CO§'() (2.4)

Note that while rotation will disturb the magnetic eld structure fro m that of
a static dipole Deutsch (1955) showed that, in vacuo, the magnetield near the
surface of the star c=) approximates that of a static dipole in the co-rotating
frame. Thus, Eq. 2.4 is approximately correct near the stellar sate which is of
interest here. In particular, the component of the electric eld peallel (Ey) to the

magnetic eld at the surface can be estimated using Eq. 2.5. This elohust vanish
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inside the star but change continuously from the surface value tew through the
surface-charge layer.

Eext Bext RB surf

Ex = ———— = — T cos 2.5
’ Bt e . () (2.5)
This electric eld will exert a force F = qE; on charges within the surface
layer and, assumingB st 10* G as derived in Section 2.2, this force exceeds the

gravitational attraction GmMys=R%s by 5 (2) orders of magnitude for electrons
(protons) (where G is Newton's gravitational constant, Mys is the mass of the
neutron star, and an angular frequency of 63 rad &, corresponding to a spin period
of 100 ms, has been assumed). Charges are therefore pulled froendtirface of the
star, populate the magnetosphere, and co-rotate for cylindritdistances less than
the light cylinder radius (R.c c=) beyond which co-rotation would require

velocities in excess of the speed of light. The charges screen theebsrating Ey

by increasing amounts until the net charge number density in the ngmetosphere
reaches the value in Eq. 2.6 (Goldreich & Julian, 1969) at which point @ifce-free

state is reached.

& . "B 1
oo = o7 T 2c @ (r=o2sind()) (2.:6)

Goldreich & Julian (1969) noted that this density applies only in the co-
rotating portion of the magnetosphere which is bounded by the lastlosed eld
lines. Particles will be streaming out along eld lines in the open region wdh
complicates calculation of the charge density as some return curtanust be hy-
pothesized in order to avoid depleting the star of charge. This impli¢sat the open
eld line region is a prime site for particle acceleration.
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Mestel (1971) applied similar arguments to the case of a non-alignestator
by starting from the Deutsch eld and similarly demonstrating that the vacuum
conditions could not remain satis ed, i.e. charges are pulled from thgurface as
described above. However, while similar qualitative arguments could bnade an
analytic form of the magnetic eld was not produced. Mestel & Prye (1992) at-
tempted to derive the magnetic eld structure using a Fourier integal technique
with some success; however, they assumed the conditién B = O for all points
inside the light cylinder (not just the closed eld line region) and their slution was
singular at the equator. Other attempts to derive an analytic fornfor the magnetic
eld structure have met with similar di culties (e.g., Michel, 1974). Recent e orts
have shifted to magneto-hydrodynamic (MHD) simulations to numecally calculate
the structure of a realistic pulsar magnetosphere (e.g., Contopo® et al., 1999;

Timokhin, 2006).

2.2 Radio Pulsars

The majority of pulsars are observed only at radio wavelengths thgh many are
also observed in the optical, X-ray, and gamma-ray wavebands. &hechnology used
to nd, time, and study pulsars has improved greatly since the initiadiscovery but
such a discussion is beyond the scope of this thesis. The interesteader is referred
to Lorimer & Kramer (2004) for an informative overview of pulsar asonomy with a

focus on radio wavelengths. As an example of current technolodyetSardinia radio

telescope, under construction, is shown in Fig. 2.1.
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Figure 2.1 The Sardinia radio telescope under construction 35 km Nor
of Cagliari, Sardinia, Italy. Photo Credit: T. J. Johnson
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Pulsars are typically weak radio sources with uxes between 20 Jy to 5
Jy(1Jy 10 2w m 2 Hz 1) with negative spectral indices (Lorimer & Kramer,
2004). For comparison, note that the radio ux of the AGN Centawus A is 1330
Jy and that of the supernova remnant Cassiopeia A is 2477 Jy. Thedore, except in
sources which are particularly bright or which exhibit giant pulses, sin as the Crab
pulsar, individual pulses are not observed; rather, average pulge les are built up
by observing the pulsar over hundreds to thousands of rotatiorand \folding" the
data at the pulse period. The fact that such temporal folding lead® constructive
interference of the signal means that pulsar radio emission origiestform a coherent

process.

2.2.1 Pulsar Timing Solutions

Producing a pulsar timing solution requires correcting arrival timesa a standard
time system which accounts for the motion of the Earth about theus, several rel-
ativistic e ects, and for the frequency dependence of scattegnin the interstellar
medium. Additionally, the folding of data over many pulse periods to dieve ac-
ceptable signal-to-noise level requires the ability to store and haledarge amounts
of data.

For gamma-ray pulsar studies a timing solution can be used to compmuthe
phase of a given photon taking the fractional part of Eq. 2.7, whet, is a reference
time for which the phase is known (usually chosen such that(t;) = 0) and the

rotational frequency isf with the \dot" notation for time derivatives. Note that it
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is not always possible to measure the second time derivative of a pulga which

case that term is ignored.
1 2 1 3
(t) = (to)+ f(t to)+ éf_(t to)” + éf'(t to) (2.7)

The event timet used in Eq. 2.7 must be transformed to a reference frame
which will approximate that of the pulsar to provide sensible phasegg., one which
can be considered an inertial frame with respect to the pulsar. Theolar system
barycenter (a.k.a center of mass) is taken to be such a referenitame. For a
recorded event timet the equivalent time at the barycenter §y) is calculated using

Eq. 2.8 (Guillemot, 2009).
ty = t+ ¢ pt+t Rr t E s, T B (2.8)

Eqg. 2.8 rst corrects t to terrestrial time ( ¢) if necessary and then corrects
for the time lag induced by scattering on the interstellar medium (p). This e ect
has a 1/ ? dependence (where is the photon frequency) which can be neglected
for gamma-ray pulsar studies.

The light travel time between the observatory position at timet and the Solar
system barycenter is corrected for using the termg. . In the case of space-borne
observatories, this last correction requires that the position ohe space craft (which
is orbiting the Earth) be known precisely at any given time.

The event time then needs to be corrected for the relativistic Shap delay
( s ) which accounts for space-time deformities near massive obje¢&hapiro,
1964). The expansion of space-time due to the motion of the Earth the gravi-
tational potential well of the Solar system is then accounted for (g. ). Finally,
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for pulsars in binary systems similar corrections must be made to aemt for the
motion of the pulsar and its companion and the associated relativisteects ( g).

Note that the Solar system barycenter is not the only possible reénce frame
to which the event time can be transformed for pulsar analysis. These of barycen-
tric time requires that the pulsar position is well known, and while the psitions
of radio pulsars are generally very accurate the same is not true foulsars which
have been discovered through their gamma-ray pulsations. In $ucases, incorrect
positions will manifest in the timing residuals if the center of the Earthis used as
the reference frame. Thus, for timing pulsars using gamma rays YRat al. (2011)
advocate the use of geocentric time and demonstrate its use ongaus discovered
rst in gamma rays.

Once a pulse phase has been assigned to each event light curves@mstructed
by binning the events in phase. This is typically done with equal width bis but can
be done with variable width bins (see Chapter 4). Quite often phasei de ned
to occur at the ducial point of the radio light curve which is typically at or near
the main pro le peak. In order to better assess the structure inugh features light
curves are typically plotted over two rotation periods (i.e., from phse 0 to 2) as
show in Fig. 2.2.

It is important to note that phases are only calculated between 0 @l. When
plotting the light curves over two rotation periods values in bins with pases> 1 are
simply repeats of the bin values with phases between 0 and 1. Wheralenting the

signi cance of a pulsed detection only the phase values from O to learonsidered.
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Figure 2.2 Multi-band light curves of PSR J2021+3651 shown over two
rotation periods. The top four panels are gamma-ray light curves in
di erent energy bands as marked, the second to lowest panel isettX-
ray light curve, and the bottom panel shows the 300 and 1950 MHz
radio pro les. Note the radio structure which occurs right at phas 0 (1)
which is di cult to properly characterize when plotted over one rotaion
period. Reproduced from Abdo et al. (2009j).
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2.2.2 Radio Properties

Pulsars have been detected with spin periods (P) and period deries (B) cover-
ing a large range of values (see Fig. 2.3) implying the possibility of seakpulsar
subclasses based on the inferred properties (discussed belowpteNhat the B-P
distribution is clearly bimodal, separating into longer period pulsars wiit relatively
high rates of spin down and extremely short period pulsars with mudower spin-
down rates. The latter population will be discussed in more detail in $gon 2.2.3.

The exact mechanism behind pulsar radio emission is not known; howeyit
is generally accepted that for any mechanism to be viable it must belelto produce
coherent emission with brightness temperatur& 10?° K, be capable of generating
highly polarized photons, and be e cient over a large range of freguncies, spin peri-
ods, and period derivatives. Some mechanisms which have been psgul (outlined
and discussed in more detail by Lorimer & Kramer, 2004) are CR frofaunches
of particles, emission from instabilities in relativistic plasmas, and masemission.
Even without knowing the exact mechanism responsible for the emims, it is pos-
sible to infer the geometry of the emission region from details of théserved pulse
pro les at di erent radio frequencies as discussed in Section 2.2.2.2.

Many useful pulsar characteristics can be derived using the meast P and R
values and assuming a vacuum, dipole magnetic eld. The fact that jsar periods

are measured to increase with time suggests that they are losingational energy
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Figure 2.3 Distribution of measured P and2 values for known rotation
powered pulsars in the ATNF pulsar database (Manchester et al., @D)
as of mid-2009. Lines of constant magnetic eld (dashed), spindo
power (dotted) and characteristic age (solid) are drawn. Only gadsic
eld MSPs are shown. Where proper motion measurements existsetR-
values have been corrected for the Shklovskii e ect (see Sectidr2.3).
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at a rate given by Eqg. 2.9 in which the time derivative of the angular figuency is
_= 2 P=P2,

Erot = _= 4 ?|p=p3 (2.9)

If all rotational energy loss is due to magnetic braking then Egs. 24nd 2.9

can be set equal to each other and used to solve faas given in Eq. 2.10.

_ 2 2sin?( )
= =2t (2.10)

The braking index, n, is de ned by casting Eq. 2.10 in the more generic form of
_= ", which suggests a braking index of 3 for magnetic dipole radiation. ttie
pulsar is bright enough that a second derivative on the period (andhtis frequency)
can be measured then it is possible to solve for the braking index by drentiating
and solving forn = *=_2, Measured values range from 1.4 to 2.9 (Lorimer
& Kramer, 2004), suggesting that other angular momentum loss @cesses besides
magnetic braking are at work. One such process is a wind of relativisparticles, as
predicted by Goldreich & Julian (1969), which leads to a spin-down ratof similar
form(—/ ", with n =1; Michel, 1969) and disturbing the braking index from the
purely dipole radiation value. While the measurements do suggest 6 3 it will be
assumed that all of the rotational energy loss is from magnetic kimg throughout
this study.

Eqg. 2.10 can be recast in terms of P an& using 2=P and - =

2 P=P? (where the latter equation is obtained by simply di erentiating the rst).

Upon doing so, and consolidating the constant terms into one value one obtains
the expressionP. = P 2 ", This expression can then be integrated from some
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initial time ty to some later timet resulting in Eq. 2.11 in which R is the initial
period of the pulsar at timety. Forn = 3 and assuming R P, Eqg. 2.11 reduces

to the usual formula for the pulsar characteristic age = P =2P.

P Po n 1
t= —— 1 2 (2.11)
P(n 1) P

As noted by Lorimer & Kramer (2004), can provide a reasonable estimate of
the pulsar age but the assumption of only magnetic braking and a riggble initial
spin period means that it is, at best, an order of magnitude estimateln some
cases, such as the Crab pulsar, the predicted( 1240 yr) can be quite close to the
true age (957 yr) which is known from records of Chinese astroners which date
supernova explosion in the Crab as occurring in 1054 AD. In othersych as PSR
J0205+6449, estimated ages from supernova remnant associasiaisagree strongly
with derived values of .

As discussed in Section 2.2.3, the theorized evolutionary track of MSresults
in little meaning for ; however, estimates of MSP ages based on observations of
low-mass X-ray binaries are often comparable to the charactelistages.

The magnetic eld strength of a static dipole goes like=r 3; thus, if one
rearranges Eg. 2.10 to solve for and takesr = R\ys the dipolar, surface eld
strength can be calculated as a function df, P, B, and (see Eq. 2.12). Following
the ndings of Deutsch (1955), the dipole approximation should redt in a good
estimate for the surface eld strength. However, far from the eutron star, in
particular near the light cylinder, the eld structure is not well known. With that

in mind, the same arguments that lead to Eq. 2.12 also yield the magmneteld
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strength at the light cylinder (Eq. 2.13) which is of more interest fogamma-ray
pulsars. While Eqg. 2.13 can not give the correct eld strength the dierences iB ¢
between di erent pulsars should be in the appropriate direction anthus meaningful
trends can be drawn using these values. Note that in Eq. 2.12is usually taken to

be 90 and this has been assumed in Eq. 2.13 .

B, = 1 1 Pioces (2.12)
ut T R32 sin() :
s
1.51 B
Bc =4 2 W (213)

All of the above quantities are helpful in looking for trends and distictions
among pulsars under a few key assumptions. To fully understandelipulsar machine,
however, it is necessary to explore the structure and nature di¢ observed emission

in more detail.

2.2.2.1 Distance Measurements

One complication involved in constructing a realistic emission model is dlgcing
the total energy emitted at any given waveband when the distanda® the pulsar
is not well known. Estimated pulsar distances, in our Galaxy, span amnge from

100 pc to greater than 10 kpc with a large range of uncertainties. eNtron stars
are not typically bright in the optical waveband and thus, even for earby pulsars,
astrometric parallax measurements are dicult. As alluded to in Sedbn 2.2.1,
pulsar timing models are very sensitive to the source position and thua timing
parallax and/or a proper motion can be measured for some sourcekhe previous
methods result in accurate, precise, and generally reliable distarestimates but are
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not applicable to the majority of known pulsars. Other than timing, neasurement
of astrometric parallax with the Very Large Baseline Interferometr is the most
promising distance measurement method.

However, the most commonly used method for estimating pulsar destces is to
use the dispersion measure (DM) coupled with a model of the Galactree electron
density. This technique exploits the fact that the interstellar medim, through which
the emission must propagate, will result in a delayed arrival time forigrent radio
frequencies (as discussed previously in relation to pulsar timing satuis). This
results in radio photons of di erent frequencies emitted at the saetime (from the
pulsar) arriving at di erent times (with lower frequency emission delged by a larger
amount). In addition to depending on the frequency of observatim the di erence
in arrival times will also depend on how much of the interstellar materlahe signal
passed through. The dispersion in arrival times for di erent fregencies leads to
the DM value (essentially the integrated column density along the linef @ight with
units of pc cm 3, Lorimer & Kramer, 2004) and the distance can then be inferred if
the free electron density is known. The most commonly used freectten density
model is that produced by Cordes & Lazio (2002), typically known athe NE2001
model.

DM-derived distance estimates are useful for gauging the luminosivf a given
pulsar but must be treated with caution. As noted by Brisken et al. 2002), uc-
tuations in the electron density can lead to uncertainties on DM-dered distances
of a factor of 2. Such uncertainties get magni ed for estimates of pulsar lumi-
nosity which go like the distance squared. One such example is the ead PSR
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J1939+2134 for which the DM-derived distance is 3.6 kpc (with the NED01 model)
but timing parallax measurements place the pulsar at 8 kpc (Guillemot et al.,

2011).

2.2.2.2 Beam Structure

Di erent empirical models for the radio beam structure have beeronstructed based
on the general characteristics of observed pulsar light curvesde Rankin, 1993;
Story et al., 2007; Lyne & Manchester, 1988). These models do ngénerally
require one speci c emission mechanism but rather allow for di erenpossibilities
while focusing on the geometry of the beam. The emission is typicallysasned to
occur in the open eld line region where particle acceleration is possible
A commonly accepted and invoked model is one in which the radio beam

consists of a core component along the magnetic dipole axis and/areoor more
hollow-cone beams. In these models, di erent frequencies are deiit at di erent
altitudes above the stellar surface and each frequency is only ereittat one altitude.
Note that the emission altitudes also depend on P and, more weakB;,but even for
the fastest MSPs the altitudes are predicted to be 30% of the light cylinder radius,
relatively close to the star. For more details on the hollow-cone beageometry see
Chapter 5. This prescription naturally explains the observed narming of radio
peaks with increasing frequency as requiring higher frequenciesbi® emitted closer

to the star which results in narrower beams.
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More recently, a new class of radio emission models has re-emergedhich
the emission region is further out in the magnetosphere, near theHigcylinder, in
a fan-like beam (e.g., Manchester, 2005 and Ravi et al., 2010). Thewodels are
motivated by comparisons of gamma-ray and radio pulsar samples ialin suggest
comparable beam sizes, particularly for younger pulsars, and preld a caustic
nature for the radio emission (see Chapter 5 for more details on &g emission
in pulsars). Note that an early model for radio emission proposed l§yold (1969)
also assumed that the emission site was near the light cylinder. In thisodel gas
was pulled from the stellar surface and emitted radio waves just lmeé being ung

outside of the light cylinder.

2.2.2.3 Polarization

Any viable emission mechanism needs to be a coherent process chpabproducing
highly polarized emission. The plane of polarization is thought to be tiet the di-

rection of the magnetic eld at the emission point. Radhakrishnan & Goke (1969)
argued that the conal beam model naturally explained the obsevgolarization

angle changes across the pulse phase, usually a characteristic h&ps, using geo-
metric considerations in what has come to be known as the rotatinggeetor model
(RVM). For any given phase of rotation, the RVM equates the obseed angle of
linear polarization to the projected angle from the emission point tohie dipole axis.

As the cone sweeps across the observer's line of sight the pragdcangle to the
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dipole axis changes. This naturally explained the observed slow vai@is at peak
edges and rapid changes at the center of the peak(s) (Lorimer &adner, 2004).

Using the RVM model, it is possible to extract and (where

is the angle between the pulsar spin axis and the observer's line of $)ginom

an observed pulsar polarization angle pattern. Such RVM ts are t#n the only
way in which the viewing geometry of a pulsar can be constrained. Ihe pulsar
wind creates a powerful enough nebula which can be observed in&¢s it is often
possible to measure (e.g., Ng & Romani, 2008), note that this technique does not
work for MSPs which are not observed to power bright nebulae. Adobnally, model
dependent constraints on the geometry can be made by modelinggar gamma-ray
light curves (see Section 2.4 and Chapters 5 and 6 for more detaild)lote that
until quite recently the number of pulsars known to pulse in gamma y& was small
and thus this method of constraining the geometry was little used. dditionally,
constraints from the latter method are only valid if one assumes th#ghe underlying
gamma-ray emission model used is correct.

Blaskiewicz et al. (1991) extended the RVM model to include relativigt e ects
(see Chapter 5 and Appendix B for more details) such as aberrati@nd time of
ight delays. This proved to be most important for attempting to constrain the
geometry of MSPs, most of which exhibit polarization swings which armeot easily

explained by the RVM model.
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2.2.3 Millisecond Pulsars

The rst pulsar spinning with a millisecond period (PSR B1937+21 a.k.a J339+2134)
was discovered by Backer et al. (1982) using the Arecibo radio tedepe. This pul-
sar was found to have a period of 1.558 ms and a period derivative 10 ° s s 1.
No evidence was found for a recent supernova event so the hypesgis that this
was a very young pulsar with an intrinsically low spin down rate was regged. PSR
J1939+2134 is an isolated pulsar but Backer et al. (1982) noted aarby H Il region
with which they argued the MSP was likely associated, suggesting thiney were
once part of a binary system which has since been disturbed.

Shortly after the rst MSP was discovered and it became clear thathis was
an old system, Alpar et al. (1982) proposed the initial version of wh&as become
known as the recycled pulsar model. The model has evolved over tyears but
the basic ideas remain the same. The recycled pulsar model assuiines MSPs
are the product of a normal pulsar (where normal, or non-recycle is taken to
mean P& 25 ms andB. & 10 '’ s s 1) in a binary system with a main sequence
companion. The pulsar spins down over millions or billions of years untietectable
emission ceases. The companion enters a giant phase and over @&$k0oche lobe.
If the pulsar begins accreting mass and angular momentum from teempanion the
system enters the low-mass X-ray binary (LMXB) phase. The acetion continues
until the neutron star has reached a millisecond spin period at whichomt the
pulsar emission resumes and the accretion disk is blown away leavingimaloy MSP

system. Backus et al. (1982) had earlier noted the possibility of suoccurrences
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from observations of outliers in theR-P distribution but did not fully develop the
idea.

The recycled pulsar model is supported by several pieces of oliagonal evi-
dence. Only a few percent of non-recycled pulsars are observede in binary sys-
tems, likely due to disruption of binary systems from kicks in superwa explosions.
On the other hand, roughly 80% of MSPs have low-mass binary commpans. Ad-
ditionally, millisecond period pulsations in X-rays have been observetbin LMXBs
consistent with the presence of a rapidly rotating neutron star (g., Wijnands &
van der Klis, 1998). More recently, Archibald et al. (2009) have disgered a new
MSP which, in archival observations, shows evidence for LMXB-tgbehavior and
no pulsations. This pulsar is thought to represent the missing-link inhie LMXB to
MSP evolutionary theory.

However, there are still problems with the recycled pulsar model vdh need
to be addressed. In order for the pulsar to accrete enough ma# to be spun up
to millisecond periods its magnetic eld must be relatively low (on the orer of 1¢
G). As can be seen in Fig. 2.3, the majority of non-recycled pulsarave inferred
magnetic elds greater than 18° G; thus, some mechanism much exist which allows
for the pulsar magnetic eld to decay with time. To date, a satisfaatry model for
magnetic eld decay does not exist (e.g., Romani, 1990 and Harding &al, 2006).
Additionally, detections of isolated MSPs (such as the rst MSP evediscovered)
challenge the model. Theories have been proposed in which the binariit shrinks,
due to gravitational radiation, and the companion coalesces with é&@MSP (e.g.,

van den Heuvel, 1984). Observations of black widow MSPs (such &0939+2048)
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provide another avenue by which isolated MSPs might form. These Igars are
observed to have very low mass companions (on the order of the saaf Jupiter)
and observations of X-ray emission modulated at the orbital ux sggest that the
pulsar wind is ablating the companion (e.g., Stappers et al., 2003). Givenough
time, the companion could be completely ablated away leaving an isoldt&SP.

As indicated by Fig. 2.3, many more MSPs have been detected since tini-
tial discovery. Presently, there are approximately 85 Galactic eldMSPs and 147
globular cluster MSPs known though both of these numbers have neased rapidly
in recent years. Globular clusters are old, dense systems in the gaglghat comprise
on the order of one million stars. The density of these systems leadsmore binary
systems and, potentially, to a larger rate of MSPs.

An important timing e ect, known as the \Shklovskii e ect", in which the
measuredR value of a pulsar is arti cially increased due to its proper motion on ta
sky was proposed by Shklovskii (1970). For known pulsar properotions this e ect
is generally of order 10%° s s ! and thus does not strongly a ect most non-recycled
pulsars. However, this e ect is much more important for MSPs whictare found

with lower B values (see Fig. 2.3) and must be accounted for.

2.3 Gamma-ray Pulsars

Three years after the discovery of the Crab pulsar gamma-ray lsations (> 50
MeV) at the radio period were detected with a balloon experiment by iBwning et

al. (1971). Gamma-ray pulsations from the Vela pulsar were detect by Thompson
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et al. (1975) using data from the SAS-2 satellite. For nearly two dades Crab and
Vela remained the only known gamma-ray pulsars, seeming to be \sjs" objects.
Detecting more gamma-ray pulsars was of extreme interest as tkeown objects
were observed to emit 1 or 2 orders of magnitude more energy in gamma rays
than at any other wavelength (see Fig. 2.4).

One of the main scienti ¢ goals ofEGRET was to search for more gamma-
ray pulsars in order to determine if such behavior is common or if Craéind Vela
are exceptions. Two years after launch, the detection of anotheadio pulsar in
gamma rays (J1709-4429) wittEGRET was announced (Thompson et al., 1992).
In 1992 Halpern & Holt (1992) discovered the period of the Gemingailsar in X-
rays. This source had long been a mystery of gamma-ray and X-ragtronomy and
the X-ray discovery prompted a search and detection of pulsatisnn the EGRET
data (Bertsch et al., 1992). Pulsations from two more pulsars (PSBRL057 5226
and J1952+3252) were eventually detected witiEGRET (Fierro et al., 1993 and
Ramanamurthy et al., 1995, respectively) bringing the total numkreof known HE
gamma-ray pulsars to six (see Fig. 2.5) with a few plausible candidatefich have
now been con rmed (Abdo et al., 2010c).

While this source sample was still relatively small, it did provide a better
perspective on what properties might lead to gamma-ray emission irulgars. In
particular, it was noted that all of the EGRET pulsars were very energetic, occupy-
ing the top right of the P-P diagram. Additionally, when the gamma-ray luminosity
(L ) was plotted as a function of the spin-down power, a general trdrseemed to
appear suggestind. / E' (e.g., Arons, 1996 and Thompson, 2004). Such a
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Figure 2.4 Spectral energy distributions of pulsars detected by ing-
ments aboard theCompton Gamma-Ray Observatoryrom radio (top)
to gamma-ray (bottom) wavelengths. Figure Credit: D. J. Thompson
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Figure 2.5 Pulsars detected by instruments aboard theCompton
Gamma-Ray Observatoryirom radio (top) to gamma-ray(bottom) wave-
lengths. Figure Credit: D. J. Thompson

relationship is indicative of a dependence on the open eld line voltageowever, it
was noted that for pulsars with lowerE- values than the EGRET pulsars this trend
would hitthe L = E line and thus some change in either the emission mechanism,
the acceleration mechanism, or the e ciency function must occur iuch pulsars
emit signi cantly at gamma-ray energies. Note that thisk-range encompasses most

MSPs.
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Fierro et al. (1995) searcheceGRET data for gamma-rays pulsations from
known radio MSPs and calculated 3 pulsed upper limits for nineteen sources.
Kuiper et al. (2000) obtained a marginal pulsed detection of the MSPSR J0218+4232
in the EGRET data but a rm detection was complicated by the presence of a near
by and bright gamma-ray AGN.

Following the end of theCompton Gamma-Ray Observatory'snission, radio
observations of bright, non-variable, unassociated gamma-ragwsces from the third
EGRET catalog (3EG) resulted in the detection of new pulsars (e.g., Keith etl.,
2008). It was suspected, based on positional and energeticsuangnts, that these
pulsars were responsible for the 3EG sources. However, given kbegth of time
between the EGRET observations and the radio discoveries it was not possible
to extrapolate the timing solution backwards and successfully detegamma-ray
pulsations.

The eld of gamma-ray pulsar physics entered a phase of waiting in wah
predictions were made for what the new generation of HE missiomSGILE , Tavani
et al., 2009; andFermi, formerly GLAST, Atwood et al., 2009) might detect but
no new gamma-ray pulsars were discovered. Then, Halpern et al0(8) detected
gamma-ray pulsations from PSR J2021+3651 with data from thAGILE satellite.
Additionally, Pellizzoni et al. (2009) searched®GILE data for pulsations from many
known radio pulsars and found several promising candidates. Théyund 5 pul-
sations from PSR J2229+6114 with a spin period of 51.6 ms, all othearaidates
were found with a signi cance less than 5. Among their low-signi cance candidates
was PSR J1824 2452, an MSP in the globular cluster M28; however, the pulsation
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was only detectable in 5 days of the data and not over the whole, multi-month
observation. While some, unnamed physical process might be respible for the
disappearance of the signal, the detection has not yet been comed and remains
suspect.

Thus, shortly after launch of theFermi Gamma-ray Space Telescopsee Chap-
ters 3 and 4 for more details and results) roughly eight pulsars wekaown to pulse
at energies above 100 MeV and it was not clear whether MSPs couldiegamma
rays at detectable levels. The latter uncertainty was, in part, a ssequence of lack-
ing strong constraints on the pulsar gamma-ray emission mechanigfierro et al.,

1998) to provide a focus for theoretical development.

2.4 Pulsar Gamma-ray Emission Models

As discussed in Section 2.1.2, rotation naturally separates the pulsaagnetosphere
into zones in which magnetic eld lines either close or remain open. Thised eld
line region will be in a force-free state and thus particle emission will hbe possible.
With this in mind, gamma-ray pulsar emission models have focused oretbpen eld
line region as the most probable site for acceleration of particles toexgies su cient
for HE gamma-ray production. The emission models can be groupetbitwo general
categories which are de ned primarily by where the particle acceldran is assumed
to occur, either at low altitudes above the magnetic polar cap or atiggh altitudes
near the light cylinder. Basic aspects of typical emission models arepented below

as well as a discussion of gamma-ray emission expected from MSPs.
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Note that while these models di er on the location in the magnetospine from
which the HE gamma rays originate they all assume that the emissionethanism is
CR from electrons accelerated along the magnetic eld lines. In priifpde, the elec-
trons could emit via synchrotron radiation as well. However, near thPC primary
particles will be constrained to follow the eld lines closely and thus thpitch angles
required to emit signi cant amounts of synchrotron photons are mattainable. As
discussed below, secondary particles will be produced at low altitigdghich can
have larger pitch angles but the energies will be too low to produce Hihotons.
Additionally, the magnetic eld strength in the outer magnetosphee is too low for

electrons to emit HE photons from synchrotron radiation.

2.4.1 Polar Cap Model

The rst class of HE pulsar emission models is the polar cap (PC) modeihich
assumes the existence of an accelerating gap just above the negnpolar cap in
the open eld line region.

Sturrock (1971) rst noted that particle acceleration above thepolar cap could
be important for pulsar emission. Sturrock's model separated thpolar cap into two
zones (one from which electrons stream out and one from which fos stream out,
following Goldreich & Julian 1969) and interpreted observations of thCrab pulsar
(from radio to gamma-ray wavelengths) as viewing emission only frothe proton

Zone.
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Ruderman & Sutherland (1975) proposed the existence of a PC ghased on
an inability of the pulsar to establish a ow of positively charged partites based
on the expected behavior of dense matter in intense magnetic eldslardee (1977)
showed that near the stellar surface CR could produce photons wienergies& 1
GeV but argued that it was not clear if the gaps proposed by Rudemam & Suther-
land (1975) could form (as positive ions should not be bound to thergace strongly
enough for elds less than 1 G). However, generation of HE CR photons was not
dependent on the gap structure (though the ux and spectrum ).

Harding et al. (1978) demonstrated that a spectral cuto at highenergies,
di erent from the CR cuto, is expected due to one-photon pair poduction near
the stellar surface. Harding (1981) extended this model by traitlg the energy losses
of emitting primaries and predicted a functional form for the gammaay luminosity
as a function of period and magnetic eld strength and predicting tat L / E™2.
These studies neglected the acceleration mechanism and did notsider the e ect
of secondary particles produced from one-photon pair productio Daugherty &
Harding (1982) showed that emission from primaries above the al@ration region
and from secondaries was important to reproduce the observe& dpectra. All these
considerations have fed into the standard PC emission models (e.gaugherty &
Harding 1994,1996; Harding 2009).

Primary particles are injected from the stellar surface and accedded to a
typical height of a few stellar radii. The observed gamma rays aredlght to be from
CR of the primaries as they accelerate along the magnetic eld lines.hBtons with
high enough energies can interact with the strong magnetic eld oheé pulsar and
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produce an electron-positron pair. This mechanism leads to a cadeaof particles
which screens the accelerating eld and sets the maximum acceleoat height as
follows.

A pair cascade can be initiated by energetic photons from CR or by &
thermal X-rays from the PC. A pair cascade is initiated once the CRrdCS photons
reach energie® 2mcc? in the frame where the photon has no momentum parallel
to the magnetic eld. These photons will interact with the magnetic eld via one-
photon pair production. The height at which pair creation begins destes the start
of the pair-formation front (PFF).

Assuming~ ~ is such that secondary electrons are accelerated away from the
stellar surface, the positrons will decelerate, turn around, andhén accelerate back
to the stellar surface. This results in a net negative charge amasgiabove the PFF.
This charge establishes an electric eld which opposes and eventuatigncels out
the accelerating eld.

Charges above the screening layer will ow freely along the eld linesnd
out through the light cylinder. These charges will be produced withan-zero pitch
angles ( in Eqg. 1.12) to the magnetic eld and will thus lose energy rapidly to
synchrotron radiation (see Chapter 1).

The spectrum of HE photons which escape from the PC region is exped to
be relatively hard (photon index, , from 1.5-2.0 assuming & convention) with
a spectral cuto at a few GeV that turns over faster than an expnential due atten-
uation from one-photon pair production (Harding, 2009). The emsson pattern is
predicted to take on the shape of a hollow cone beam centered oe thagnetic axis,
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similar to what is expected for the radio as described in Section 2.2.2ahd thus PC
models predict near phase alignment of the radio and gamma-ray ges. These
models have trouble simultaneously reproducing the widely separdtgamma-ray
peaks observed in many gamma-ray pulsars without requiring spdag@ometries and
arti cial ux enhancements near the PC rim (Daugherty & Harding, 1996). Addi-
tionally, recent observations suggest a lack of evidence for fastkan exponential

cuto s in known gamma-ray pulsars (Abdo et al., 2010c).

2.4.2 Slot Gap and Two-pole Caustic Models

The second class of HE pulsar emission models assumes that the gamays come
from particles accelerated out to altitudes near the light cylinder. Tis class is
composed of two main models, the rst of which is a natural extengioof the PC
model.

As discussed above, the altitude of the PFF is determined by the atsof
one-photon pair production which requires particles energetic emgh to either ICS
thermal X-rays or emit CR photons above the pair-production theshold. This
happens sooner for primaries which experience a stronger ac@dlag eld. This
eld will be strongest along the magnetic axis and must go to zero ahe edges of the
open eld line region beyond which the magnetospheric charge derysis assumed
to be that given by Goldreich & Julian (1969) andE B = 0. The PFF altitude
thus depends on the magnetic colatitude (), with the lowest value for =0 and

curving upwards to asymptotically approach the surface of last ded eld lines.
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Arons & Scharlemann (1979) rst noted that this led to the existege of a
narrow slot gap (SG) near the PC rim which could extend out to high aitudes.
Note that they also found a slot gap which formed along the magnetaxis due to
a restriction of particle acceleration to \favorably" curved eld lines (those which
curved toward the rotation axis). Arons (1983) demonstratedhat particle acceler-
ation in such SGs was capable of producing HE photons, with emissiasitricted to
favorably curved eld lines, by accelerating particles out to high altiides but was
unable to reproduce the observed luminosity of the Crab pulsar.

Harding & Muslimov (1998) reevaluated PC emission models to includergeal
relativistic e ects and the formation of a secondary PFF due to theacceleration
of secondary positrons back toward the stellar surface. Theyuiod that a stable
accelerating region could be generated with two PFFs if they were edo CR and
not ICS. Their calculations were not restricted to favorably curvé eld lines which
allowed for acceleration above the entire PC.

Muslimov & Harding (2003) noted that the analysis of Harding & Muslimga
(1998) con rmed the formation of SGs at the PC rim bounded by thesurface of last
closed eld lines. The predicted gaps were narrower than those ofdgks (1983) as
they recognized that the pair-plasma bordering the gap oppositeé last closed eld
lines would also function as a conducting boundary. By considering @ions pro-
duced at the inner edge of the SG from pair cascades (not just prmes) Muslimov
& Harding (2003) demonstrated the viability of this model for HE pular emission

though they restricted their analysis to low altitudes ( 5 Rys).
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Muslimov & Harding (2004a) extended the SG model to high altitudesout
near the light cylinder, and demonstrated that the particles reacta radiation-
reaction limited regime in which energy gained from the accelerating Ie is bal-
anced by energy lost to CR radiation. In this SG model emission fronrimaries
occurs throughout the entire gap and is not con ned to favorablgurved eld lines.
They also noted the formation of caustics (see Chapter 5) for emsign from parti-
cles at 0.1 to 0.7 Rc which naturally explains the sharp, bright peaks observed in
gamma-ray light curves. The magnetic elds at high altitudes are nastrong enough
to signi cantly attenuate the emitted spectrum of HE gamma rays;thus, the SG
model predicts a spectrum which cuts o only exponentially, followinghe cuto in
the CR spectrum, as opposed to the faster than exponential autexpected from
PC emission.

Dyks & Rudak (2003) developed the (purely geometric) two-pole gatic (TPC)
pulsar emission model in order to match observed HE pulsar light cwes. In par-
ticular, the TPC model was able to produce sharp, widely separatqueaks which
lagged the main radio pulse via the formation of emission caustics. Thisodel can
be considered a geometric realization of the SG model. The emissiongswaned to
occur in thin accelerating gaps along the surface of last closed eld & from the
PC rim out to high altitudes in the pulsar magnetosphere. Dyks & Ruda (2003)
followed electrons along curved magnetic eld lines (assuming the Disch eld con-
guration in the co-rotating frame) where they emit CR photons taagent to the eld

line. The photons then travel in a straight line in the inertial observes frame,
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after correcting the direction for relativistic aberration and timeef- ight delays (see
Chapter 5 for more details).

The most prominent features (i.e., the two bright peaks typically seein
gamma-ray pulsar light curves at the time) of the TPC light curves we found
to arise from emission at radial distances 0.75 R¢ (in agreement with the nd-
ings of Muslimov & Harding 2004a). Thus, Dyks & Rudak (2003) did ndfollow the
emission beyond this distance, presumably for reasons of compida time and also
because the magnetic eld structure and accelerating eld are nas well known
near the light cylinder; however, Venter et al. (2011) have followetthe emission out
to larger radial distances and found that there can be signi canthmanges in some
of the less prominent features which can be important to matching one recent

observations of gamma-ray pulsar light curves (Abdo et al., 2010c)

2.4.3 Outer-gap Model

The second type of outer-magnetospheric emission model is theestgap (OG)
model, the current form of which was rst described by Cheng et a[1986a). OG
models assume that the charge density in the magnetosphere istthaven by Eq. 2.6
everywhere, not just in the co-rotating region. The sign of the elrge distribution
changes sign on either side of the null-charge surface (NCS), whishde ned by
the condition = B = 0. For the case™ ~ < 0, a portion of the open eld line
region below the NCS but above the closed eld line region will have a redtye

charge distribution. Electrons will ow out of the light cylinder along these eld
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lines which results in a region of net positive charge near the NCS. Thisgion will
repel positive charges on the other side of the NCS which results imegion void of
charge along the surface of last closed eld lines where the conditi&h B = 0 is
no longer satis ed. Note that this gap is bounded below by the NCS dnthereby
distinct from that used in the SG and TPC models.

It is then possible to accelerate electrons in this region which will be rtoed
to move along the curved magnetic eld lines and preferentially emit it the open
eld line region above the NCS. Cheng et al. (1986a) note that theggamma rays
could provide the mechanism by which the charge density in the operld volume
is maintained and thereby limit the width of the gap. The observed HEraission
is not, in fact, from particles accelerated in the vacuum gap. Instel, gamma rays
from those particles pair produce with thermal X-rays (which pereate the gap
from the stellar surface) near the upper gap boundary and it is ensisn from these
energetic, secondary particles which is seen by an external olveer(Cheng et al.,
1986b).

OG models have been shown to reproduce the observed light curegégamma-
ray pulsars by several authors (e.g., Cheng et al., 1986b; Roman &digaroglu,
1995). Cheng et al. (2000) used a more detailed, 3D model of the @&yions to
calculate phase-resolved spectra. Similar to the SG and TPC modgbestra from

the OG model are expected to cuto only exponentially.
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2.4.4 Gamma Rays from MSPs

One common feature of OG, SG, and TPC models is the existence ofately
narrow gaps bordering the last closed eld line surface. The creatimf these gaps
requires that the accelerating eld be screened by charged patis in the magneto-
sphere which requires copious pair-production. ICS PFFs set in atwer altitudes
than those from CR and do not screen the accelerating eld (Hardg) 2009), thus CR
pair production is the important process for gap creation in outemagnetospheric

emission models. Harding & Muslimov (2002) numerically calculated theRCpair-

production \death line" on the B-P diagram, any pulsar below this line (correspond
ing to 10" yr for non-recycled pulsars and fyr for MSPs) can not produce
pairs in large amounts from CR. This result suggested that, for ndg all known

MSPs, the accelerating eld should be unscreened out to high altited, near the
light cylinder, and led to the development of the pair-starved polarap (PSPC)

emission model (see Section 2.4.4.1).

However, some authors (e.g., Zhang & Cheng, 2003 and Zhang et 2D07)
have developed models for HE emission from MSPs assuming an OG getoyn If
higher order magnetic multipoles are dominant near the surface of3®s it may still
be possible to produce pairs in su cient quantities to create narrowaps in the outer
magnetosphere. Zhang & Cheng (2003) argued that the obsedvihermal X-rays
from some MSPs argued for the existence of such multipoles. Zhaatgal. (2007)
re ned the MSP OG model to include e ects of the viewing geometryrad extended

the model application to MSPs detected in the globular cluster 47 Tanae as well
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as eld MSPs. Srinivasan (1990) predicted that even if individual MS® were not
detected in gamma rays the population as a whole might contribute sigcantly
to the observed di use emission. Given recent results on gammayrdSPs (see

Chapter 4) higher order multipoles may indeed be important in MSPs.

2.4.4.1 Pair-starved Polar Cap Model

The PSPC model was rst proposed by Muslimov & Harding (2004b) aa possi-
ble gamma-ray emission model for pulsars lying below the CR (and pitig ICS)

pair-production death line calculated by Harding & Muslimov (2002). his model
assumes that ICS is not e cient at screening the accelerating eldrad thus particles
are accelerated to altitudes near the light cylinder, emitting CR as #y go. Mus-
limov & Harding (2004b) demonstrated that it was possible to accelate particles
to su ciently high energies for production of gamma rays in this mode Harding

et al. (2005) investigated the predicted X- and gamma-ray specatm from such a
model and compared it to that of PSR J0218+4232. They found thhdahe spectrum
has contributions from CR, ICS, and synchrotron radiation from yclotron resonant
absorption of radio emission; however, which components are atveel depended
strongly on the viewing geometry and on the pulsar's relation to the R death
line. It should be noted that the absence of narrow gaps will, gendlsa lead to

much broader peaks with gamma-ray features leading the radio asmdonstrated by

Venter et al. (2009).
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2.5 Conclusions

Note that while this chapter has been an overview of neutron stand pulsar theory
it is by no means exhaustive. In particular, this discussion has dealtamly with

rotation powered pulsars. The discovery of accretion powered Ipars is one of
the observational pieces of evidence in support of the recycledigar model but
that topic has been mentioned only briey. Additionally, neutron stas present
an opportunity to study matter under conditions beyond anythingwhich can be
created in a laboratory on Earth and the equations of state are robh more varied
and complicated than presented here. Neutron stars have alsoopided some of
the most stringent tests of general relativity (e.g., Taylor & Weisbey, 1982) and
long-term timing of bright, stable millisecond pulsars may provide the rst direct

detection of gravitational waves (e.g., Manchester, 2011). In @&tt, pulsars are
extremely attractive sources as they allow for the study of a largange of extreme

physics.
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Chapter 3

The Fermi Gamma-ray Space Telescope

The Fermi Gamma-ray Space Telescop@ermi, formerly GLAST, see Fig 3.1) was
launched from Cape Canaveral, Florida on 11 June 2008, aboard altBdl heavy

rocket, and successfully reached low-Earth orbit at an altitude 0665 kilometers
and an inclination of 25.5 with respect to the equator. The orbit takes approxi-
mately 90 minutes and has a precession period of 55 days. Data asifion pauses
during passages through the South Atlantic anomaly totalling to a den time of

approximately 14.6%, implying a high duty cycle.

There are two instruments aboardFermi, the Gamma-ray Burst Monitor
(Meegan et al., 2009) and the Large Area Telescope (LAT, Atwood al., 2009).
Fermi is a joint mission between the National Aeronautics and Space Admitria-
tion, the United States Department of Energy, and academic institions in the
United States, France, Germany, Italy, Japan, and Sweden. Thaission is planned
to last 5 years, with a 2 year minimum requirement and a 10 year goakermi is
nearing 3 years of operation and performing extremely well; the imatnentation
consists of radiation hard technology and thus exceeding the 5 yemission lifetime
is quite feasible. For the study presented here only data from theAI will be

considered.
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Figure 3.1 One of the last images of thEBermi observatory. The space-
craft is in place a top the Delta-1l heavy launch vehicle awaiting nal
fairing closure. The LAT can be seen atop the spacecraft coverég
a kapton, micrometeroid shield. Gamma-ray Burst Monitor detects
can be seen on the spacecraft, below the LAT, wrapped in whithoto

credit: NASA 71



3.1 The Large Area Telescope

The LAT is a pair-conversion telescope (see Fig. 3.2) consisting ofélk subsystems:
the tracker (TKR; Atwood et al., 2007), for converting incident ganma rays and
reconstructing their arrival directions; the calorimeter (CAL; Jdwnson et al., 2001
and Ferreira et al., 2004), for measuring the energy of the incideggmma ray and
assisting in background rejection; and the anti-coincidence detec (ACD; Moiseev
et al., 2004 and 2007) for identifying events likely to be due to chamg@articles and

not gamma rays.

Figure 3.2 Cutaway cartoon of the LAT showing an incident gamma-ya
(red) converting to an electron-positron pair (blue). Reproduak from
Atwood et al. (2009).
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The initial design for the LAT was proposed by Atwood et al. (1994)motivated
by the exciting results fromEGRET, and has changed very little in realization as
the Fermi LAT. The modular design of the LAT allowed for feasibility studies to
be done with balloon ights (Thompson et al.,, 2002 and Mizuno et al., 2@) and
accelerator beam tests (do Couto e Silva et al., 2001). The LAT is s#liggering
with no expendables and radiation hard technology which has provenective in
HE patrticle physics experiments.

LAT observations are primarily carried out in a sky-survey mode in wibh
the entire sky is scanned every 2 orbits. This makd®rmi particularly well suited
to the transient nature of the HE gamma-ray sky. Pointed mode cervations are
also possible with the LAT, but the increased systematics and loss eXposure for
other regions of the sky make this mode less desirable unless givenadigularly
spectacular occurrence such as a are of the Crab nebula (Abdo &., 2001a).
The LAT has a 2.4 sr eld of view (FOV) ( 20% of the sky), a nominal energy
range from 0.02 to>300 GeV with an energy resolution< 15% for events with
energies above 0.1 GeV, an on-axis e ective area 08000 cn? for events with an
energy of 1 GeV, and a 68% point-spread function (PSF) of .6 for events with
an energy of 1 GeV converting in the front section of the TKR (seeeStion 3.1.1)
and near on-axis. Among the primary scienti ¢ objectives of the LA mission
are: identi cation of the EGRET unidenti ed sources and di use emission, probing
particle acceleration mechanisms in astronomical sources, studyitne nature of HE
transient sources, studying the natue of dark matter, and prabg the early universe

and cosmic evolution through HE observations of sources with higkdshifts.
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3.1.1 The Tracker

The TKR consists of 16 identical towers arranged in a 44 square array, each tower
is matched with a CAL module below, see Section 3.1.2. The tower and CA
modules are supported by a low-mass aluminum grid structure. Eadbwer has
18 x-y tracking planes of single-sided silicon strip detectors (SSCam)d 16 tungsten
converting layers. Solid-state detectors were chosen over ¢g@sed detectors, such as
those used INEGRET, for several reasons. The SSDs have no expendables, operate
at relatively low voltage ( 100 V), and are self-triggering, reliable, e cient, and
robust. The SSDs used in the LAT, provided by Hammamatsu Photacs in Japan,
consist of n type wafers with 384 p-type strips with a separation &28 m. Four
SSDs are bonded in series to form a ladder and each SSD layer cossi$# ladders
and measures 35 35 cnf. When a charged particle passes through an SSD layer
it will deposit energy through ionization and create electron-hole g@. The holes
will drift towards the strip and induce a current which is converted ¢ a voltage
signal. With this design, the exact point of passage can not be pinptea by one
SSD layer alone. However, by placing a second, rotated layer belowet rst the
point of passage can be determined by the intersection of red gts.

The towers are composed of 19 trays which house the tracking acmhverting
layers, see Figure 3.3. The trays are approximately 3 cm thick and pported
by carbon-composite side walls which also serve to conduct heat gwaom the
detectors. The trays themselves are constructed of a carboomposite with an

aluminum honeycomb core. Each tray contains 2 SSD layers (excdpt the top
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and bottom trays which have only one SSD layer each) and one tumgs converting

layer (except for the bottom two trays which have no convertejswhich is placed
immediately before the bottom SSD layer. The two SSD layers in a givamay

measure in the same direction and each tray is rotated by 9With respect to the

one above it; thus, an x-y tracking layer is formed from the bottontayer of one
tray and the top layer of another. The z measurement is given by ¢éhheight of the
SSD layer with respect to the bottom of the TKR tower. The readouelectronics

(for more details see Baldini et al., 2006) are positioned along the ssdef the tower
modules to minimize inactive material in the detector FOV, this minimizesnissing

hits (see Section 3.2) which increases detection e ciency. For thiase reason, the
tungsten foils are positioned such that they only cover the activer@as of the SSD
layers.

In order to more accurately determine the initial photon direction,the x-y
tracking planes must be placed as close as possible to the tungstemverter to
minimize the e ects of multiple scattering. Multiple scattering limits the PSF at
energies near 100 MeV while the separation between SSD strips isliheting factor
for energies above 10 GeV. To achieve a PSF of a few degrees at 100 MeV thinner
foils are necessary. However, to provide more e ective area at heg energies & 50
GeV) and facilitate meaningful overlap with TeV instruments thickerfoils are nec-
essary. Detailed Monte Carlo (MC) simulations revealed the optimalon guration,
given the breadth of LAT science, was to have the rst twelve comrting layers 3%
radiation length and the last four 18%, these are referred to as the FRONT and

BACK of the TKR, respectively.
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Figure 3.3 Schematic showing stacking of trays to make x-y tracking
layers. Modi ed from Atwood et al. (2007).

To trigger the LAT, three consecutive x-y tracking planes must e, though
they need not be in the same tower; therefore, the bottom two x4racking planes
are not preceded by converting layers as a photon interacting akis point in the
TKR would not lead to an event trigger. In an ideal event, the incidengamma ray
converts in one of the tungsten layers as shown in Figure 3.3; howgvgamma rays
can interact within any of the other materials which make up the TKRAs such, the
SSD thickness and tower structural material were chosen to béreegligible radiation
lengths compared to the tungsten. Interactions in these matetgawill still occur;
therefore, the LAT team developed a dedicated simulation tool, uginthe Geant4

particle physics simulation engine (Agostinelli et al., 2003 and Allison el.a2006),
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which attempts to take into account all the material of the instrunment (including
the CAL and ACD subsystems). Simulations were then used, pre-llach, to develop
and validate the event reconstruction and background rejectiom a manner which
allowed for non-ideal conversions. The LAT MC simulations will be disssed in
more detail in Section 3.3.

The TKR can measure some of the energy in the shower by countingsters of
adjacent hit strips from electrons and positrons passing througlty measuring layers
and assuming that the number of hit strips is comparable to the engy deposition.
For events with energies 100 MeV this can amount to a signi cant fraction of
the total energy of the event but becomes negligible at higher eggs as the TKR
is of nite length. Therefore, each tower is matched with a CAL modie which
performs the primary energy measurement and also helps determithe incoming

event direction (see Section 3.2).

3.1.2 The Calorimeter

Each of the 16 CAL modules consists of 96 Csl scintillating crystals. gcintillating

material is one in which atoms are ionized and electrons liberated whancharged
particle is incident on the material. The electrons will be free in the matial for a
short time (on the order of tens to hundreds of ns) before rejaimg with an ionized
atom. To do this, the electron must lose energy, which happens vihg emission of

a short pulse of light.
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The CAL modules each consist of eight, twelve crystal layers. Eadnystal
is2.7cm 2.0cm 32.6 cm, optically isolated from the other crystals, and read
out by two photodiodes at each end. The larger of the two photodies, 147 mm,
measures energy depositions from 2 MeV to 1.6 GeV while the smalleopidiode,
25 mn?, measures energy depositions from 100 MeV to 70 GeV. At normatidence,
each CAL module is 8.5 radiation lengths deep with gaps and structdrenaterial
minimized to be<16% of the total mass.

Similar to the arrangement of x-y planes in the TKR, consecutive Cdayers
are rotated by 90 (see Fig. 3.4) and the point of passage along a crystal can be
estimated by comparing the signal strengths measured at eachdethereby allowing
the shower to be imaged. The latter position measurement is the masccurate,
ranging from a few mm for low energy depositions to a fraction of a mfor high
energy deposition. Use of a hodoscopic, segmented CAL has madyaatages.

The segmentation allows for precise localizations of the energy et (weighted
geometrical mean) of electromagnetic showers. Backgroundegjon is augmented
via the identi cation of showers initiated by particles such as protos, muons, etc.,
but note that electron initiated-showers will \look" the same as thee from photons
to the CAL. For events with the highest energies the resulting shass are unlikely
to be completely contained in the CAL; however, the segmentationlews for the
application of geometric leakage corrections to account for the reisg energy. Ad-
ditionally, the CAL can be used to discriminate between downward andpward

going tracks, relative to the spacecratft.
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Figure 3.4 Schematic of a CAL module. Reproduced from Atwood et al.
(2009).

The initial energy estimate used for track nding (see Section 3.2.53 simply
the sum of all the crystal energies, after a track hypothesis hdseen t further
re nement of the event energy estimate can be made. There aterée methods used
in the LAT to further estimate the event energy. A parametric mehod corrects the
energy based on the barycenter of the shower and covers théirenenergy range of
the LAT. The longitudinal and transverse extents of the showernp le can be t
to account for energy missed due to the nite extent of the CAL buonly works
for energies greater than 1 GeV. A maximum likelihood t correlatesthie total
energy deposition with hits in the TKR but only works below 300 GeV. Etensive
MC simulations and training samples have been used in order to constt logic
by which the \best" of these three energy estimates is chosen feach event (see

Section 3.3).
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3.1.3 The Anti-Coincidence Detector

While in orbit, the LAT is subjected to large uxes of energetic chargd particles,
known as cosmic rays, which can also trigger the detectors and fbbe mistaken for
photons. While hadrons and muons can be di erentiated partly baseon the signals
they leave in the TKR and CAL, signals left by electrons and positronsan not be
distinguished from those left by photons. As such, it was necesgdo devise some
way by which tracks initiated by charged particles could be separatefrom those
initiated by photons. This is by no means a new issue for gamma-raytieghysics
and the design of the ACD follows the same basic principles of thosestgms used
in previous HE missions such aBGRET. However, based on insights gained from
the experiences of those same missions, the LAT ACD is a much impedvdesign.

All anti-coincidence systems use the same principle, put some maatbefore
the start of the tracking system with which charged particles will ineract but the
neutral gamma rays will not. The most straightforward solution is & surround the
detector with a scintillating material which is what has been done withhie LAT. The
improvement in the LAT over past missions is that instead of using oneontinuous,
scintillating detector the LAT ACD consists of 89 plastic, scintillating tles covering
the top and four sides of the instrument, see Figure 3.5.

The ACD tiles are then covered by a micrometeoriod shield to protedhe
instrument from space debris. When a charged particle passesdbgh one of the
ACD tiles the scintillation light it produces is collected by wavelength shiing bers

embedded in the plastic and read out by two photomultiplier tubes. Ne that to
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Figure 3.5 Schematic of the ACD tile placement around the LAT. The
top of the LAT is covered by a 5 5 array of tiles. Each side has 3 rows of
5 tiles with a fourth, bottom row consisting of one long tile. Reproduex
from Atwood et al. (2009).

rst order the number of liberated electrons, and thus scintillationlight produced,
depends only on the square of the charge of the incident particlecanot its energy.
This means that the ACD is equally sensitive to cosmic rays of low and thigenergy.

To increase the overall detection e ciency of the ACD, the tiles wex made to
overlap in one dimension while gaps between tiles in the other dimensioares lled
with bundles of scintillating bers. This results in a detection e ciency, measured
pre-launch and veri ed on-orbit (Abdo et al., 2009k), exceeding 0997.

The ACD was segmented in order to reduce self veto due to backsiarom
gamma rays with energies abovel GeV. This e ect largely degraded the sensitivity
of EGRET at the high end of its energy range. Incoming gamma rays which degito
large amounts of energy in the CAL will produce low-energy particlemainly 100 to

1000 keV X-rays, which travel upwards in the LAT and can Comptoiscatter in the
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ACD tiles leading to a false trigger. The ACD segmentation allows for sh false sig-

nals to be easily Itered out. A crude track reconstruction algoritim approximates

the incoming event direction and only tiles within an energy dependebne (width
E'™2) of this direction can veto the event. The veto conditions were veed and

re ned using simulations and data from a beam test conducted at GHON.

3.2 Track Reconstruction and Covariance Information

Reconstructing a particle track through any detector consistsfahree elements:
pattern recognition, track nding, and track tting. A complete t reatment of these
steps can be found in Frahwirth et al. (2000); a summary of the tsc aspects (in a
general sense) is given below with a brief description of how track® aeconstructed

in the LAT in Section 3.2.5

3.2.1 Pattern Recognition

Data in HE physics experiments typically consist of objects, such &sts, clusters,
etc.; which have many measurements associated with them. Theseasurements
lead to a nite number of parameters which describe each objectt s necessary
to have some mechanism with which these objects can be analyzed gratterns
searched for. These patterns can be tracks, images, harmorngnals, etc.

The parameters which describe these objects create a pattepase of dimen-
sionn, the maximum number of parameters a given object can have. Inrmggral, the

pattern space is not a vector space because not every object lire parameter space
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will have entries de ned for all of the possible parameters. Objexin the parameter
space can typically be grouped into di erent classes, thus creatirg classi cation
space. In principle, objects can belong to multiple classes; however HE physics
experiments classes do not typically share objects so the probleeduces to that
of nding hypersurfaces in parameter space, of dimensian 1, which constitute
di erent classes. These hypersurfaces can be, in physical spéoeexample, clus-
ters of points or vectors which are then useful as starting pointer track nding
algorithms.

It is often useful to use a training sample to test and verify patter recognition
algorithms and is necessary when no mathematical description oftlobjects in the
parameter space exists. Training samples are collections of realsonulated data
and are particularly helpful for verifying that the covariance matix C describing the
objects is correct. If an objectx consists of separate parameters 2 1;2;:::;n and
the object comes from a known distribution then the covariance nya elements

can be calculated using Eqg. 3.1.

Cy = hxi hxiy) (x; hxijp)i = (3.1)

A diagonal element, j, is called the variance of component; while an o -
diagonal element, j , is called the covariance of components and x; and essentially
describes how variation in thé™ component a ects thej " component. In Eq. 3.1,
h::i denotes an expectation value if the events come from a known dibtition
else it denotes an average from a training sample in which case theiaaces and

covariances are just estimates.
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The covariance matrix will, in general, have three independent coributions.
The rst such comes from the fact that not all measured paramets are independent,
the second from known measurement errors, and the third frormamdom uctuations
which are not known. These contributions can be combined additivelsind therefore
separated, due to the fact that they are independent. When ugima training sample
generated via some MC method, di erent e ects can be turned o to quantify

each of these contributions separately.

3.2.2 Track Finding

Once pattern recognition has successfully completed, the tasktodick nding can
begin. The rst step in track nding is to separate position measurments into
classes. Members of di erent classes could have been caused lgygsame particle
but there must exist one class which contains measurements whiadmamot reliably
be attributed to any particle. This class will encompass noise, poinskewed due to
errors, points excluded by previous track nding steps, etc.

Track nding is, essentially, cluster analysis, where a cluster is deed to be
a collection of vectors or points that are close together (Frahwih et al., 2000).
Clusters are grouped into candidate tracks and t to a track mode At this point
a decision function must be used to decide whether or not the candie is a good
track. Often, this method can be sped up by rst analyzing a set aheasurements,
deciding if any are good candidates for the start of a track, and wtnuing to

assemble the track by analyzing more measurements provided, ofitse, that the
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rst step met with at least one accepted point. In addition to addingpoints, it is
very important to have an e cient and valid method for removing poirts. A track
with too many points can result in extra computation time and noise; dwever,
removing points too soon can result in missing good tracks or biasingwy method
towards tracks of a particular type. Tracks must also be allowed tshare points and
points must not be rejected simply because they belonged to a tkawhich was itself
rejected. Points belonging to one or more tracks create verticasd in a detector
such as the LAT these are potential sites of pair-production ancherefore desirable.
Beyond allowing tracks to share points it is important to have a scheenby which
track overlaps are accepted or thrown out as noise. Such mettsochn be developed

and optimized with appropriate training samples.

3.2.3 Track Fitting

After all tracks have been found with high con dence, a track tting algorithm must
be used to determine the parameters of the tracks and group appriate tracks into
primary and secondary vertices. For experiments in which chargqehrticles are
tracked through a detector, this step requires that the amountf material through
which the tracks propagate is well known in order to account for # e ects of
multiple scattering and other energy loss mechanisms. Precise kamodels must
be known for the di erent particles involved and the detector respnse and geometry

must be well understood in order to construct these models. Addnally, it is
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necessary to have a detailed understanding of and a reliable methfmd rejecting
background events.

It is useful to de ne the track as a function of the parameters o&wishes to
determine. As such, for a track withm parameters one de nes amm-dimensional
measurement space in which to represent the track. The applicabdguations of
motions within a detector determine a constraint surface within theneasurement
space onto which tracks should be mapped. Experimental errorslivcause devia-
tions from the track surface and it is the task of track tting to meaningfully map
position measurements into the measurement space while minimizingethiariance

from the constraint surface.

3.2.4 The Kalman Filter Technique

First introduced by Kalman (1960), the Kalman Iter (KF) is a technique for esti-
mating the state of a dynamic system. The KF is a recursive track ting algorithm
which predicts a track forward to the next detector surface anthen uses the mea-
surement information to correct the prediction, see Figure 3.6 . @e at the end of
a track, the Iter can be run backwards from the last point to the rst in what is
known as a smoothing step. A smoothing step uses the best- t infaation from a
hit to correct the point(s) before it. The nature of the KF, using neasurements at
discrete layers, is particularly well suited to the LAT and the predidbn can easily
accommodate random noise, such as that introduced by multiple $taing. Addi-

tionally, the e ects of multiple scattering in the LAT are more important at energies
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below 1 GeV and negligible at energies above 100 GeV with a gradualpe in im-
portance between. Such behavior is an important part of the LAT etector response

and can be easily incorporated into a KF.

Figure 3.6 Schematic of the KF process for predicting a track frorme
detector layer to the next.

The basic mathematical structure of a KF, as outlined below, followghe
description in Frahwirth et al. (2000). At a given detector surfae k, the state of the
track is described by the vectorg,. De ne a function fx which, based on the track
model used, predicts the behavior of the track between surfake 1 and surface
k. Then de ne f(B 1). However, fy does not consider any of the random
noise shown in Figure 3.6 so this must be introduced separately. L&t represent
this noise such thathixi = 0 and the e ects of the noise on di erent components
of the state vector are described by . The covariance matrix of these errors,
C(%) Qx, is assumed to be known for ak. With the inclusion of this noise, it

IS now possible to de nep, fu(pe 1)+ Pk
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Ideally, a measurement of the state vector is made at each detectsurface.
Each measurement has an errory, associated with it such thathwi = 0. The
covariance matrix of these errorsC (~) V, is also assumed to be known for all
k. At each detector surface a functionhy, is de ned which maps the state vector
onto the measurement and is determined by the speci cs of the @éetor. This leads
to the measurement equationyy he(B) + .

For the KF, it is assumed that hy, and f, are linear functions based on the
idea of a linear track from one surface to the next. In the event #t these two
functions are non-linear they should be approximated using a rstrder Taylor
expansion. In particular, it is necessary to calculate the rst deriative matrices,
H and Fi respectively, for these functions. The predicted state vectot aurfacek
using information from layerk 1 is thenfijk 1 Fx(f 1). This is similar to the
de nition of f above except that now our state vector is a prediction based ondh
Itered state vector at layer k 1. The Itered step must take the noise into account
as well as the actual measured parameter stafg. To do this the covariance matrix

must also be predicted forward following,
Ckik 1 = FkCk 1F¢ + P«QkPy: (3.2)

Then, using a least squares minimization process, the lItered statector and

covariance matrix for the surfacek are given by,
B = Rk 1+ Ke(Me  Hifge 1) (3.3)
Cv = (I KxH)Cyjk 1 (3.4)
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Kk = Ckix tHR (Vi + HkCyjx 1Hg) * (3.5)

where | is the identity matrix and Ky is the gain matrix, Eg. 3.5, which
determines how strongly the predicted values are changed by theclmsion of the
measurement information. As the KF assumes a linear model, it is ugkto calculate
the residuals and ? values as goodness-of-t measures for each detector surface

which are given by Egs. 3.6 and 3.7, respectively.
i = M Hifge 1 (3.6)
£ = (Vi HChHQ) (3.7)

The fact that 2 is independent for eactk means that the total 2 and degrees
of freedom are sums over the values at each detector surfadea §moothing step is
run it is possible to calculate a 2 for the smoothed track but this statistic must be

treated carefully as the errors are now correlated (Frahwirth teal., 2000).

3.2.5 Implementation of the KF in the LAT

Track nding in the LAT follows two procedures which di er mainly in how the
candidate rst TKR hits (consisting of clusters of red SSD strips) are selected as
described in Atwood et al. (2009). The rst method requires that @me energy be
deposited in the CAL for a starting guess on the incoming event diréan while the
second method blindly selects hits.

The rst method is known as the Calorimeter-Seeded Pattern Recognition
(CSPR). From the energy deposition in the CAL a guess at the evemnergy is
made by summing the signals in all crystals, this energy is given to theFK
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The energy centroid is calculated using a moments analysis and is assd to lie
along the incoming event trajectory. A starting hit is chosen at radom from those
in the TKR layer furthest from the CAL with red strips. A track hyp othesis is
generated and t if a hit can be found in the next layer down which lieslang the
direction connecting the candidate rst hit and the energy centrim. The KF imple-
mentation used in the track accounts for all the mass, including ddamaterial, along
the hypothesized track and accounts for possible missing hits in ustrumented ma-
terial. This is done for each possible hit in the layer furthest from th€AL and then
moving to subsequent layers until starting hits have been takendm at least two
layers and a su cient quality track has been found. The KF allows foreach hit to be
added to the track covariantly as described in Section 3.2.4 and thtise quality of
each hypothesized track can be evaluated by calculating the cospsnding 2 and a
\best" track can be chosen and the hits belonging to that track a& agged as used
and excluded from subsequent track nding steps. At higher engies & 1 GeV) the
process is sped up by restricting the possible starting hits to thogathin an energy
dependent cone (with a half angle which decreases with increasingmgy) around
a direction provided by the energy centroid (corresponding to theigenvector with
the smallest eigenvalue).

The second method for choosing starting track hits is known as thelind
Search Pattern Recognition This method is used if there is no energy deposition in
the CAL (though most analyses require that events have such infoation) and to
search for further tracks after the CSPR has been run and a lidsack found. As

no information on the event energy is used for this method the KF is\gn a default
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energy of 30 MeV. The starting hit for the candidate track is seleet from the layer
with red strips furthest from the CAL (similar to the CSPR) and then a second
hit is chosen at random from the next layer down. If a hit can be fouhin the
subsequent layer which is close to the projected direction from thest two hits a
track hypothesis is generated using the same KF implementation astime CSPR. It
is possible for hits to be shared between tracks but only if the hit casponds to the
start of one track (a possible vertex) or the size of the cluster wesponding to the
TKR hit is larger than might be expected for one track. This procedre stops when
either 10 possible tracks have been found or all possibilities have besxpended.
For a given event the raw data can be combined with a detailed desdign of the
LAT detector geometry to view the candidate tracks, red ACD tiles, and CAL
crystals with energy deposition as shown in Figure 3.7.

At this stage, the best track is used to improve the CAL energy estate as
discussed in Section 3.1.2. The KF is then rerun on the candidate tkacwith the
new energy estimate but does not change the hits in a given trackt #his point the
LAT track nding algorithm groups candidate tracks into vertices. Starting with
the best track, the procedure loops over the other candidateacks found previously
and creates a vertex based on the distance of closest approaeeen the tracks
(at least 6mm). A 2 parameter is calculated for each candidate vertex, the best one
chosen, and the corresponding track marked as used. The pres¢hen loops over
all remaining candidate tracks, agging those corresponding to thbest vertices as
used, and placing tracks for which no reasonable vertex can be ded into a vertex

with itself such that all candidate tracks are stored as vertices. fe z-coordinate
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Figure 3.7 Example of the LAT single event display. The tracks used
for reconstruction are shown in blue, with error bars at each TKR iger
representing the contribution of that hit to the overall track 2. The
best direction from the KF is shown as a yellow line. Fired ACD tiles
are outlined in orange while red TKR strips are green. CAL crystals
with energy depositions are shown as blue boxes beneath the TKRthw
the size of the box representing to the amount of energy deposite

of the vertex, de ned with respect to the bottom of the tray clogst to the CAL, is
determined to be either in the center of the tungsten layer procéig the rst hit,
in the center of the SSD layer of the rst hit, or in the tray material above the rst
hit based on the topology of the event.

The nature of the LAT as a pair-production telescope makes ndingertices
desirable as the two tracks are expected to correspond to thesuétant electron and
positron. However, for some events the resulting electron or posn can radiate
via Bremsstrahlung and thus a large portion of the energy is not tcked in the SSD

layers, as photons are neutral particles, and two tracks whichrfa the vertex will
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not point back along the incoming event direction. This so-called \ndtal energy"
will be re ected in the CAL energy centroid and using that information and the
interaction point, as de ned by the vertex position, the incoming eent direction
can be more accurately reconstructed. As noted by Atwood et §2009), combining
the TKR and CAL information in this manner helps to decrease the noaussian
tails of the LAT PSF.

The track of a charged particle can be parametrized by either dirgan cosines
or direction tangents (slopes) and track intercepts. The LAT trak reconstruction
software implements a KF which uses the track slopes and interceptith a Iter and
smoother step. The noise is assumed to be from multiple scatteringdadominates
the covariance at energies below 1 GeV. This allows for detailed trackvariance
information to be computed for each event, e ectively producing vent-by-event
errors as described below.

Let S, dx=dz and S, dy=dzbe the x and y slopes, respectively, of a
track detected in the LAT. If the event has only one track then tle reconstructed x-,
y-, and z-components of the incoming particle directio®, relative to the spacecraft,
are given in Egs. 3.8, 3.9, and 3.10, where the negative signs assuhag the track

is traveling downward in the LAT.

Sk

Vy = (1 ¥ S)% n S}%) 1= (38)
%= dr e +Sysy2) — (3.9)
Vy = 1 (3.10)

1+ S+ ) =
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The slope covariance matrix elements for a track in the LAT are givein
Egs. 3.11, 3.12, and 3.13 in whichys is the multiple scattering angle which is
proportional to the inverse of the track energyX is the amount of material along
the track in units of radiation lengths, p is the particle momentum in MeV, and ¢
is the velocity of the particle.

136

Co = 2 p—cx 122(1+0:381In(X)) 2(1+ SH(L+ SZ+ syz) (3.11)
Co. = 2 13051200 L 0:38In(X)) 21+ SA(L+ S2+ S2 3.12
Y (1+0:38In(X)) "1+ S))(1+ S+ S)) (3.12)

Co = G = fy oo XHL+038INX) (SS)1+ S+ ) (3.13)

Egs. 3.8, 3.9, and 3.10 can be used to transform from slope spacedito
rection cosine space and from there to instrument, polar coordites. These are
= arccoy V;), measured from the normal to the top of the LAT, and =
arctan(vy=\), the azimuthal angle with zero referenced to the positive instruemt
x-axis. With these transformations applied to the track covariane matrix it is pos-
sible to compute the errors on the and coordinates of the incoming track as well
as the covariance of these two parameters. In principle, this infoation provides

event-by-event errors which could be used to weight tracks.

2 = cos*( ) cog( )Cyx +2Cy sin( )cos( )+sin?( )Cyy (3.14)
ohi = tan 2() sin’( )Cx  2C,y sin( )cos( )+ cos?( )Cyy (3.15)
cos( )

sin( )cos( )(Cyy Cu)+ Cxy(cog( ) sir?()) (3.16)

sin( )
The preceding discussion has been a general overview of track imglin the

LAT. However, it should be noted that a good deal of complexity haseen smoothed
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over. The interested reader is referred to Chapter 8 of Jone9@8) which describes,
in detail, a KF implementation for a beamtest demonstrating the LAT vability. Ad-
ditionally, improvements in the reconstruction (known as \Pass8"will add further

layers of complexity but should also lead to signi cant improvements iperformance.

3.2.6 Using the LAT Track Covariance information

RelaihngC = 2, C = 2 andC

and inverting it is possible
to construct an error ellipse in - space using Eq. 3.17, where the reconstructed

direction is ( o, o) and n is the 'con dence level' of the ellipse.

(n )* = ( 0)°C T+ 2( 0)( 0)C +( 0)°C * (3.17)

While the covariance matrix approach does assume Gaussian erromsltiple
scattering introduces non-Gaussian a ects, thus there exist®se ambiguity in the
de nition of n . Simulated gamma rays of all energies from all directions on the
sky (see Section 3.3 for more details, GLAST-release v13r5p3) svesed to address
the question of how to properly \size" these ellipses to achieve 68%ntainment.

Simulated events were sorted into 1bins of simulated instrument polar angle
using the MC truth information. For each bin, the value of Eq. 3.17 wa calculated

substituting = mc and = vc . After all events for a given bin have

been cycled over the 68% containment §g) value is estimated, assumingn = 1 in
Eq. 3.17. The resulting trend of ¢g verse yc is shown in Fig. 3.8.
The ¢g values are fairly constant with yc but rise sharply above 50 as

expected due to an increased rate of multiple scattering. The bluedinn Fig. 3.8 is a
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Figure 3.8 Estimated 68% containment values versg.c. Blue line is a
t assuming cos 3( wc) dependence as described in the text.

t assuming a functional form A+ B co$( wc) based on dependence of the inverse
covariance matrix, the best-t values wereA = 3:20 0:07 andB = 0:45 0:03.
For this functional form it is assumed that any energy or dependence of gg is
absorbed into the valueA.

In a similar fashion, simulated events are sorted into 1%ins of (allows for
better statistics in each bin) and g is estimated as a function of . The results of
this analysis are shown in Fig. 3.9.

The 4 values appear to be constant with ¢ with slight evidence for mod-
ulation. The blue line is a t assuming a functional forma+ bcog( wc) Sin’( mc)
which results ina = 5:87 0:16 andb = 1:17 0:98.

The LAT PSF is not typically parametrized with any dependence on insu-

ment azimuth (see Section 3.3) though Fig. 3.9 does predict variatianith
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Figure 3.9 Estimated 68% containment values versg,c. Blue line is a
t assuming cos( )sin?( ) dependence as described in the text.

However, the uncertainty onbis large and given the assumed functional form of the
blue line in Fig. 3.9 this amounts to, at most, a 3% variation in ¢ with . Thus,
neglecting this dependence should have little e ect on LAT sciencesudts.

While the functional forms of g3 described above may not be ideal, they do
demonstrate that the LAT track covariance information can be usd to select events
which are reconstructed better. This could have many applicatiorfer LAT science
but the development of such an analysis is beyond the scope of thigesis.

It should be noted that currently the LAT response is not charaarized using
the covariance matrix information as described above. In part, this due to the fact
that implementation of a fully covariant approach is complicated andl@aracterizing

the instrument, as discussed in Section 3.3, using the average @sge is simpler.
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Additionally, it was found that using the average response satis edll the mission

requirements.

3.3 Instrument and Data Simulations

Throughout the design, construction, and operation of the LAT e instrument re-
sponse and performance have been evaluated using detailed MC s$atons. These
simulations included descriptions of the instrument subsystems andadout elec-
tronics as well as realistic models of HE astrophysical sources aiduged particle
backgrounds expected to be observed by the LAT while in orbit. The&AT in-
strument geometry and particle physics interactions are modeleding the Geant4
simulation toolkit. All instrumented and uninstrumented material is accounted for
in the simulation, as well as ne details such as the screw holes in the BQiles.
The simulation accounts for interactions of gamma rays and partiden matter and
includes a special version of the multiple scattering description in cedfor the MC
to agree more closely with data from beam tests using spare ight fdware.
Classi cation Trees (CTs) were used to mine the simulations for varides of
importance in classifying events with high probability of being gamma ya& and
those which are most likely charged particle background. This metHaallows for
selection between the di erent energy estimates and directionsr(e track vs. vertex
vs. neutral energy). Additionally, the CT analysis enables the de mions of proba-
bilities that the reconstructed energy is within 1 of the true energy and that the

reconstructed direction lies in the core of the PSF and not the noBaussian tails
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(this probability knob is called \CTBCORE"). These probabilities can beused to
re ne the event selections but increasingly restrictive cuts will deease the e ective
area.

A realistic model of the charged particle background expected toebexperi-
enced by the LAT was used in the simulations to re ne the backgrouhrejection
method using CTs. This model, described in more detail by Atwood et.42009), in-
corporates data from missions such as AMS (Aguilar et al., 2002) aBESS (Haino
et al., 2004) for cosmic ray uxes with dependence on geomagnetititizde and a
reanalysis of EGRET data to model the gamma-ray ux from the limb bthe Earth.
This model did not assume time dependent background uxes whiclreaassumed
to be those during solar minimum (when they are at maximum).

The LAT background rejection algorithm needs to be e cient at renoving
charged particles, as the ux from this background greatly exces the average rate
of incident, cosmic gamma rays, and this is largely facilitated by segntation of
the ACD (see Section 3.1.3). However, care must be taken not tojeet events
at the highest energy due to backsplash. Background events calso be rejected
based on the 3D shower distribution in the CAL (with hadronic showarbeing much
broader than those of leptons) which is another advantage of ugira hodoscopic
calorimeter (see Section 3.1.2). With the MC truth information, the 0s were
trained on the simulations in order to optimize the background rejéion cuts and
de ne probabilities that a given event was from a charged particle ca gamma ray.

LAT observations cover a broad range of scienti ¢ studies which ka very
di erent characteristics (i.e., time scales, energy ranges, etc.).sfsuch, it is neces-
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sary to de ne more than one event class (based on the CT probabiés and other
instrument variables) to accommodate di erent analyses. For brig, short duration
transients the expected background levels are much lower thanettsource signal
and thus cuts can be looser to improve e ective area and gammayreetection e -
ciency. For longer timescale studies the backgrounds become iasiagly important
and selections must be harsher in order to ensure a cleaner samglev@nts. Such
considerations were used to de ne di erent event classes (cuntyy " TRANSIENT",
"SOURCE', DIFFUSE', and 'DATACLEAN") with di erent intended uses. Cur-
rently, the "TRANSIENT' class is recommended only for analysis of et duration
events such as gamma-ray bursts as it has a much higher rate otkground events
than the other classes. The 'DIFFUSE' event class is recommended individual
source studies while the "DATACLEAN' class is recommended for stied of dif-
fuse emission or as a cross check of an analysis using the 'DIFFUSBSE The
"SOURCE' class was originally designed for point source analysis butjedto un-
foreseen instrumental backgrounds discussed later, this evethss has higher than
predicted background levels and is not recommended for use.

For a given event class, the appropriate selections are applied toettsim-
ulated data which is then binned up in energy, conversion location in ¢hLAT
(i.,e., FRONT vs. BACK), and cos(). The binned, simulated events are then
used to derive the instrument response functions (IRFs) as fuimans of these vari-
ables. These include the PSF (see Fig. 3.10), the e ective area ($&g. 3.11), and
the energy resolution (see Fig. 3.12). Figs. 3.10, 3.11, and 3.12 available at
http://www-glast.slac.stanford.edu/software/IS/glast _lat_performance.htm. Early
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Figure 3.10(Left): PSF vs. energy for near on-axiscby ) > 0:9)
events separated into FRONT, BACK, and total events for 68 an®5%
containment levels for the DIFFUSE event class corresponding tie
P6.V3 IRFs. (Right): PSF vs. incidence angle () for 10 GeV events.

in the mission, the IRFs (tagged as P6/1) were completely derived from simu-
lations and it is a testament to the detail of MC that they worked so wll as to allow
important science results to be published soon after launch (e.g., éd et al., 2008
and 2009b).

As the mission continues, these IRFs are expected to be updateal rie ect
how the real instrument performs. The rst such correction cam about in the form
of P6.V3 IRFs which applied corrections to account for slightly lower e cierty due
to event pileup (Rando et al., 2009). A second IRF update (P¥11) is expected to
be released soon which will use a PSF derived from on-orbit obsefgat of bright
point sources and applies e ective area corrections accountingr foiC and data

discrepancies.
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Figure 3.11(Left): E ective area vs. energy for near on-axis events
(cog ) > 0:975) separated into FRONT, BACK, and total events for
the DIFFUSE event class corresponding to the P&¥3 IRFs. (Right):
E ective area vs incidence angle () for 10 GeV events.

Figure 3.12(Left) : Energy resolution (68% containment level) vs. energy
for near on-axis events¢oy ) > 0:9) separated into FRONT, BACK,
and total events for the DIFFUSE event class under the P¥3 IRFs.
(Right): Energy resolution vs. incidence angle ) for 10 GeV events.
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3.4 LAT Timing Veri cation

Events in the LAT are given time stamps derived from a hardware/dtware system
that receives pulse-per-second time hacks from the global pogitiog system (GPS)
receiver on the Fermi spacecraft (Abdo et al., 2009k). The LAT awlute timing was
veri ed pre-launch using atmospheric muon data while the LAT CAL mdules were
being integrated with the TKR at the Naval Research Laboratory inWashington
D.C. (Smith et al., 2006).

A muon telescope consisting of two plastic scintillating tiles, each reaaut
by two photomultiplier tubes, was placed next to and below the LAT in ader to
facilitate detection of coincident events. One data run of thirty mintes was taken in
which 880,000 events were recorded in the LAT and10,000 in the muon telescope.
Muons leave straight tracks in the TKR, thus the reconstructed AT tracks can be
extrapolated down to the level of the muon telescope. Only the 300,000 events
for which the extrapolated track was outside of the LAT at the levieof the muon
telescope were kept.

Time coincidences between the LAT and muon telescope were fourtdhave
a peak time di erence of 24 ms and 3.7 ms width. The observed width sdound
to be due to a 2.0083 s clock drift, the root mean square variance was reduced to
700 ns upon correcting for this drift. A nearly sinusoidal, systematdrift of 1 s
was found and removed from the data, resulting in a normal distriiion with 160

ns width (Smith et al., 2007).
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More muon data was acquired (consisting of eight, thirty minute rus) after
the LAT had been integrated with the spacecraft at General Dymaics in Arizona
(Smith et al., 2007). In the new runs with the spacecraft locked tche GPS, a drift
of 3.4 s s ! was observed in coincident events. This led to time di erences which
went from 0 to 1 ms over 290 s at which point the GPS lock resulted in a wrap
around e ect leading to time di erences of 0 s again. In new runs withut GPS lock
the drift proceeded unchecked resulting in time di erences on thader of 10 ms or
more. Such behavior would have had an adverse a ect on LAT pulsacience (more
details below) if this issue had not been identi ed and the spacecrafist GPS lock
for a signi cant amount of time.

This issue was xed by General Dynamics through a software updatwhich,
along with other software improvements, led to the agreement heg¢en LAT times-
tamps and those from the GPS clock to within 0.3 s as quoted by Abdo et al.
(2009K).

As a demonstration of how important verifying the absolute timing is,D.
Dumora at CENBG in France produced modi ed arrival times for one gar of LAT
data in which the 1 ms drift was added as if it had not been removed. Then, pulse
phases were calculated for the rst eight MSPs detected with the AT (Abdo et
al., 2009g, and Chapter 4) using the real and modi ed arrival timesThe resulting
phase plots are shown in Fig. 3.13.

The implications of Fig. 3.13 are very startling, not only would half of te
MSPs not have been signi cantly detected after one year (roughlg.5 times the

data span used by Abdo et al., 2009g) but the pro les of the otheotir would have
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Figure 3.13(Top): Light curves of the rst eight LAT-detected MSPs
using one year of data.(Bottom:) Light curves of the rst eight LAT-
detected MSPs using one year of data and modi ed event arrival ties
with the 1 ms drift added in, crossed out MSPs are those for which
a signi cant detection would not have been claimedFigure credits: D.

Dumora
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been arti cially widened, completely changing the light curve shape anleading to
incorrect conclusions regarding the likely emission models.

As an additional check of the LAT timing, data during the calibration fhase
of the mission was used to produce light curves for the six high-catence, EGRET
pulsars. The LAT light curves were then compared against thoseofn Fierro et al.
(1998) as shown for the Vela and Crab pulsars in Fig. 3.14, LAT light cwes in red
with EGRET in black.

The timing solution used for Vela was produced by the Parkes radio sér-
vatory in Australia while that for the Crab came from the Narcay radio telescope
in France. The LAT light curves show peak widths, separation, and sets from
the radio in good agreement with those fronEGRET. While this comparison can
not be used to test absolute timing accuracy, it does demonstratbat the LAT
timestamps are at least as precise as those BGRET. Additionally, as noted by
Abdo et al. (2009k) the gamma-ray peak width of PSR J0030+0451 4100 s (see
Chapter 4 for more details and Abdo et al., 2009d,g) which suggestsat the LAT

timestamps are very stable with time.

3.5 Spectral Analysis of LAT Data

Spectral analysis of LAT data is done using a maximum likelihood technig similar
to that used for analysis ofEGRET data (Mattox et al., 1996). The likelihood re-
quires knowing the detector response (as given by the IRFs debed in Section 3.3)

and having a model for each source in the region of interest (ROIJhe LAT STs
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Figure 3.14EGRET light curves (black) of the Vela and Crab pulsars
from Fierro et al. (1998) compared with LAT light curves (red) using 3
weeks of early calibration data.Figure credits: L. Guillemot
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implement both a binned and unbinned likelihood analysis as ttgtlike tool and the
pyLikelihood python module. The unbinned analysis treats each event separigte
whereas the binned analysis sorts the events into bins based onorestructed direc-
tion on the sky and energy. The unbinned analysis is more exact andéss a ected
by ignoring the energy dispersion but is also much more memory intéves Binning
the events reduces the run time but can lead to incorrect results tfiere are not
su cient counts in each bin. Therefore, data sets spanning a smathnge of times
or with few events (as may be the case for analys&s100 GeV) should be analyzed
with unbinned likelihood while longer, and larger, data sets should usénbed like-
lihood. However, unbinned analysis has been shown to be unstable doalysis of
extended sources and thus binned analysis should be used in thasges (e.g., Abdo
et al., 2010e) which generally require longer datasets to properlyadvate the source
extent.

The following is a description of the likelihood function for unbinned angsis
summarized from Chiang (2002a,b,c,&d), for binned analysis the inteds are re-
placed by interpolations over the spatial and energy bins. The likelilb@l model is
given by Eq. 3.18 and describes the expected distribution of everats a function of

time, reconstructed energy, and direction on the sky.

z
M(ESPS) = dEDPR(ES Pt E; P)S(E; p) (3.18)

The function R(E®% p%t; E; p) de nes the total instrument response (encom-
passed by the IRFs described in Section 3.3) ar®{E; p) is the source model (in-

cluding all point and di use sources) whereE and p are the true event energy and
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direction and E° and p° are the reconstructed values. Ideally, the total response
would include energy dispersion but that is not included in the LAT likelihod anal-
ysis; however, the best- t parameters from a simulated sourceate been shown to
reliably match the input values when neglecting this aspect of the ngsnse (Chi-
ang, 2002b). Additionally, the time dependence of the total respse doesn't only
depend on when the event was incident on the LAT but also on the ptien of the
spacecraft and instrument mode.

From the likelihood model, the predicted number of events can be calated
using Eqg. 3.19. Combining Eqgs. 3.18 and 3.19 one can construct thedothm of
the Poisson likelihood (Eq. 3.20) by summing over the individual eventgith index
j . The best- t model parameters are derived by minimizing the negate of Eq. 3.20
(Chiang, 2002c).

Z
Npred =  dEPUM (E% p°t) (3.19)

X
log(L) = log(M (E; 075 i) Nopred (3.20)

j
When preparing for spectral analysis of LAT data, event selectigrare made on
reconstructed energy and position on the sky, de ning a circular & for unbinned
analysis and a square ROI for binned analysis. Selections are also mad event
zenith angle in order to reduce the gamma-ray signal from the limb ¢ifie Earth
(Abdo et al., 2009m). Good time intervals are then selected based tme data

quality and LAT operations modé-. It is then necessary to calculate total live time

and exposure as a function of energy and position on the sky. Tkesaps need

1For more details on LAT event selection see http://fermi.gsfc.nasa.@v/ssc/data/analysis/scitools/
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to encompass a region larger than the ROI (typically 10 beyond the ROI limits)

to account for the fact that the LAT PSF at low energies (near 100/eV) is quite

broad (see Fig. 3.10) and thus some events may come from sourcatside your
ROI. This also means that the source model must include point so@® outside the
ROI but note that the spectral parameters of these sources msiuremain xed.

The maximum likelihood value is not, by itself, a goodness-of- t testrad there-
fore not able to comment on how well a given model describes a giveurge. The
ratio of likelihoods (or more practically the di erence in the logs of thdikelihoods)
between di erent ts can be used to evaluate the signi cance of aigen source and
reject one model in favor of another. This is commonly known as thigelihood ratio
test (LRT) which is used to test a more complicated hypothesis vars a simpler,
null hypothesis with likelihoodsL?and L o, respectively. The null hypothesis is re-
jected if the likelihood ratio ( L %L,) is greater than 1 while the more complex
hypothesis is rejected as unnecessary to explain the data if 1. The LRT
requires that the null hypothesis occupy a subset of the paranetspace available
to the more complex hypothesis, in particular, the LRT requires nésd models.

The LRT can be used to evaluate the signi cance of a source by caering
the model without the source as the null hypothesis and the modeiith the source
the more complex hypothesis. If inclusion of the source improvesetiglobal t
then the di erence of the log likelihoods (de ned to be log(L) log()
l0g(Lsource)  10g(L 1o source)) Will be positive (corresponding to the LRT condition
that > 1). The signi cance of the source can be ascertained using Wilks'ébrem
(Wilks, 1938) relating the likelihood to a 2 statistic by de ning a test statistic (TS)
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to be 2 log( L) 2. Let the number of free parameters in the source model be
Nsc (@analogous to degrees of freedom in & analysis) then the signi cance of the
source isp 2(erf X1 P(TS; nge)), Where P(TS; ng.) is the probability of nding a
value higher than TS from a ? distribution with ng, degrees of freedom and erf

is the inverse error function.

For many astrophysical sources of HE gamma rays the predictedestra in
the LAT energy range can be well described by simple power laws (i.ehetnum-
ber of photons from a given source per unit area per unit time per irenergy is
proportional to E  where E represents the photon energy and is known as the
photon index). For some sources, such as pulsars and AGN, deioat from simple
power laws are predicted and/or observed. The LRT can be used &valuate the
signi cance of these deviations. The null hypothesis is taken to bén¢ power law
spectrum while the model with deviations from a power law is the moreomplex
model. As noted above this does require that the models be nested.

The LRT can be used to discriminate between models but does not gioee
a feeling for how well the t model for a given source agrees with theéata. The
likelihood value returned from thegtlike and pyLikelihood LAT STs apply to the
global t and provide residuals describing how well the total count®ver the entire
ROI in a given energy bin agree with the total model counts predictein the same
energy range. In order to make a similar comparison for a given soarit is necessary

to perform likelihood ts in smaller energy bins. While this can be done nitiple
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ways, the approach described here is implemented as tileeSED family of python
macros (likeSED.py, bdlikeSED.py, extbdlikeSED.).

First, the likeSED macros create a user supplied number of bins of itorm
width in log energy and choose the maximum bin for spectra analysis d& on
the highest energy event found consistent with the source positiavithin the 95%
con dence radius (as de ned by the input IRFs). The code createevent les corre-
sponding to each energy bin and creates the necessary les fobumed (likeSED.py)
or binned (bdlikeSED.py and extbdlikeSED.py) analysis. A likelihood anasjs over
the full energy range is then run to get the error information nessary to make a
"bowtie' error contour and calculate center energies for each birfkor each bin a
weighted average is calculted using the full energy range spectirgbrmation at 100
points between the bin upper and lower limits to calculate sensible vakidor the
center energy. This is useful as it places the center of each bin reeao where the
bulk of the energy is expected to be for a given bin.

At this stage the code performs likelihood ts for each energy bin bgssuming
that the source has a power law spectrum. The photon index of th&urce can
be xed or left free as the user desires. The LAT STs allow for two derent rep-
resentations of a power law spectrum. The rst is @owerLaw model (Eq. 3.21)
with 3 parameters: the prefactor Ny, default units cm 2 s * MeV 1), photon index
(), and scale (Eg, held xed in the t). Alternatively, one can use a PowerLaw?2

model (Eqg. 3.22) in which the normalization parameter is the integralx and not

2The macros and usage notes are available for download

at http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
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the prefactor and there are 4 parameters: the integraF(, default units cm ? s 1),
photon index (), lower limit of integration for F (Enn, default units of MeV), and

upper limit of integration for F (Enax, default units MeV).

dN E
— = No — 3.21
4E ° E, (3.21)
dN 1
— = F E 22

min max

If the PowerLaw model is used, the center energy of the bin is used as the
scale parameter such that the t prefactor can be used for theoants spectrum
plot. When using the PowerLaw2 model the upper and lower limits of integration
are taken as the upper and lower bounds of the energy bin. Additially, before
starting the t the prefactor and ux arguments are rescaled tobe the same order
of magnitude as that predicted by the full energy range likelihood atysis. This
is done in order to avoid problems with the likelihood code which arise whe¢he
starting point of the normalization parameter is several orders ahagnitude too
large. The other free sources in the ROI are treated similarly but th is really only
important for relatively bright, nearby sources and is mainly done focompleteness
in the treatment of sources.

An initial t with a high tolerance is performed in order to get an estimae
of the TS of the free sources in the ROI. Not all sources will be sigeant in each
energy bin and including sources with TS 0 can adversely a ect the ts and often
lead to underestimated uncertainties. Any such sources are reved from the model
for that energy bin and then a t with a much lower tolerance is perfamed. If the
source of interest is found with a TS less than a user supplied value%#8 con dence
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level upper limit is reported for the normalization parameter. The tparameters
are collected for each energy bin and used to construct spectpbts (see Fig. 3.15
as an example). The code outputs three plots, the counts spaatn (units of cm 2
s 1 GeV 1), a plot of source TS in each energy bin, and & or E?dN=dE plot
(units of erg cm 2 s 1). If the PowerLaw model is used the rst plot is made using
the prefactor values from the individual band ts while the points fo the third plot
are made by multiplying each point in the counts spectrum by the squa of the
center energy of the given bin. When th&owerLaw2 model is used the points for
the rst plot are made by setting the right hand sides of Eqgs. 3.21 ah3.22 equal
and solving forNy while the points for the third plot are made by integrating the
ux from individual bin ts over the energy bin.

In Fig. 3.15 the maximum likelihood model was obtained from a t to the
entire energy range (solid black line) in which the spectrum of PSR J80+0451
was modeled as an exponentially cuto power law, Eq. 3.23, with b 1. This is the
functional form predicted from curvature radiation (see Chapte2) which is used
to t the spectra of known gamma-ray pulsars. The exponential idex b allows for
the possibility of a super- (or sub-) exponential cuto as may be gected in some

pulsars (see Chapters 2 and 4 for more details).

— = No — exp — (3.23)

The prefactor, photon index, and scale parameters are de netié same as for
Eqg. 3.21. In addition to the exponential index b, the cuto energ\Ec is introduced

as an additional parameter.
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Figure 3.15 Spectral plot from the likeSED.py macro for PSR
J0030+0451 for the data set used by Abdo et al. (2009g). The duexl
lines are 1 errors on the t and form the so-called "bowtie' contour. A
PowerLaw2 model was used for the pulsar and a 95% con dence level
upper limit was caculated if the puslar TS was less than 9 (2.5signi -
cance for 2 free parameters) in a given bin.

This should not be considered a model independent method as it d@ssume
that, for small enough bin sizes, the source spectrum can be repented by a power
law; the di use backgrounds are t using the standard Galactic andsotropic models;
and the choice of the center energy ranges are a ected by thdlfanergy range t
(while this is not expected to bias the results of the ts the user caspecify custom
energy bins and bin centers). Additionally, ux points from these meros are meant
to be a visual check on the best- t model from the full maximum likelibod analysis
and to point out potential discrepancies between the data and bte$ model. As

such, these points should not be used to derive best- t spectrphrameters.
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3.6 Conclusions

The LAT is an amazing instrument which has been performing excelldptsince
launch. The current success of the mission is the result of the hanebrk of many
scientists, engineers, an exceptional ight operations team, andany others. The
merging of the astronomical and high-energy physics communityeated a unique
collaboration which has produced highly cited papers on pulsars, AGNark matter
limits, gamma-ray bursts, cosmic-ray electrons, and many moreiaati ¢ topics.
The foresight of the collaboration members in validating the absolutemes-
tamps of the LAT before launch resulted in pulsar science being féae with early
calibration data (e.g., Abdo et al., 2008). Such accurate time tagging also of great

importance in gamma-ray burst studies, but that is beyond the spe of this thesis.
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Chapter 4

LAT Pulsar Science

The discovery and characterization of gamma-ray pulsars is onetbé main science
goals of theFermi LAT. Experience from EGRET had shown that the inherent
noisiness of young pulsars requires contemporaneous timing solasiopfrom either
radio or X-ray telescopes, in order to get the most signi cant det¢ions in gamma
rays. As such, theFermi Pulsar Timing Consortium (PTC) was conceived in order
to ensure that timing solutions for 208 of the best gamma-ray pulsaandidates
were available wherFermi launched (Smith et al., 2008).

Observations with theFermi LAT have increased the number of known gamma-
ray pulsars by more than an order of magnitude. This e ort has bented greatly
from the excellent work of the PTC members but also from the ingeny of Atwood
et al. (2006) in proposing a time-di erencing technique to search gana-ray data
for pulsations which has proved very e ective (e.g., Abdo et al., 2008nd 2009e;
Saz Parkinson et al., 2010). Fig. 4.1 shows th&P distribution for all Galactic eld
pulsars in the ATNF database as of mid-2009 (Manchester et al., ZB)0with LAT
detected gamma-ray pulsars and lines of constakt and B .

With more than two years of sky-survey data, gamma-ray pulsatis from
& 78 pulsars have been detected with the LAT. These include at leas® MSPs

and 59 non-recycled pulsars. Of these non-recycled pulsars 3Zenenown to be
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Figure 4.1P-P diagram with LAT detected gamma-ray pulsars (note that
this plot includes gamma-ray pulsars not in Abdo et al., 2010c). Red
triangles: MSPs; green circles: radio-selected, non-recycled pus blue
squares: gamma-ray selected, non-recycled pulsars. Lines ofstant
E- (dotted) and B,c (dashed) are also drawn. Values d® have been
corrected for the Shklovskii e ect where appropriate.
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radio pulsars prior to the launch ofFermi and 27 were rst detected via their X- or

gamma-ray pulsations.

4.1 Non-recycled Gamma-ray Pulsars

Prior to the launch of Fermi, all gamma-ray pulsars known were young ( . 1
Myr), non-recycled objects (see Chapter 2 for more details). Vila a large number
of recycled pulsars (MSPs) have now been seen to pulse in gammasridaey account
for only 1/3 of all gamma-ray pulsars. The non-recycled gamma-ray pulsade-
tected by Fermi comprise two subclasses, those detected rst in radio observai
and those detected rst in the X-ray or gamma-ray band, a.k.a rad selected and
gamma-ray selected, respectively.

These two subclasses share many traits (Abdo et al., 2010c) and itikely that
the radio beams of gamma-ray selected pulsars simply miss the Earthlowever,
three have now been seen to pulse at radio wavelengths (Camilo et 2009 and
Abdo et al., 2010b). It is of interest to note that PSR J1907+0602 igxtremely
radio-faint and required a 2 hour observation with Arecibo (the largst radio dish
in the world) fora 5 pulsed detection (Abdo et al., 2010b) which suggests that
some gamma-ray selected pulsars may indeed have geometries foichvthe radio
beams should be seen but may not be due to considerations of distanenergetics,
or other issues. A comparison of the radio and gamma-ray selecfadsars is beyond

the scope of this discussion. Studies of particular radio-selecteahgma-ray pulsars
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are presented below and the basic results should apply equally welthe gamma-ray

selected sample.

4.1.1 PSR J10285819

PSR J1028 5819 was discovered at the Parkes radio telescope shortly beftire
launch of Fermi (Keith et al., 2008) in a high-frequency (3.1 GHz) sezh of the
unidentied EGRET source 3EG J10275817. Measured and derived parameters
of PSR J1028 5819, from Keith et al. (2008), are given in Table 4.1, values in
parentheses are 1 uncertainties.

The E-and DM-derived distance made an association with 3EG J102%817,

which was measured to have an integrated ux (0.1-10 GeV) of@® 0:7 10 “cm 2?s !
(Hartman et al., 1999), very plausible but a detection of pulsed ganmarray emission
was necessary to make an identi cation. Using a contemporaneactiming solution,
a signi cant pulsed signal has been detected with the LAT from PSR1D28 5819
at a level greater than 10 (Abdo et al., 2009a). The pulsar was detected in the
LAT bright sources list (BSL, Abdo et al., 2009c¢) as OFGL J1028.65817. Addition-
ally, the LAT has resolved the region around the pulsar into multiple piot sources,
Fig. 4.2, the combination of which can account for the measured uaf the EGRET
source and the measured ux of the COS-B source 2CG 28d0 (Swanenburg et al.,
1981).

The HE and radio light curves of PSR J10285819 are shown in Fig. 4.3. The

gamma-ray light curve was constructed from LAT events spanninifpe time interval
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Table 4.1. PSR J10285819 Timing Parameters

Measured Parameters

P (ms) 91.4032309(14)
P( 10 ®sst 16.1(8)

DM (pc cm 3) 96.525(2)

Derived Parameters

E (10® ergs?) 8.13

Distance (kpc) 2.3

Bsut (10*2 G) 1.23

from 30 June to 16 November 2008, belonging to the \Di use" clasd photons as
de ned under the P6V1 IRFs (see Chapter 3), have reconstructed energies.1
GeV, and zenith angles 105. Additionally, only events with reconstructed direc-
tions on the sky within ¢ (E=(100 MeV)) %75 of the radio position of the pulsar
were used to build the light curve.

This energy dependence mimics the 68% containment radius of the TA~or
events converting in the FRONT section, ¢ was taken to be 3 while for those
converting in the BACK  was taken to be 4.1 (see Chapter 3 for more details
on FRONT and BACK converting events). The events were then plse-folded with
the radio timing solution using theFermi ST gtptest

The gamma-ray light curve of PSR J10285819 shows two narrow peaks,
neither of which are aligned with the narrow radio peaks near phase With the
second gamma-ray peak stronger than the rst and no signi canteatures observed
between the peaks. Both peaks were t with Lorentzians on top o& constant

background value estimated from a t of the o -peak region (take to be phase
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Figure 4.2 Counts map, 0.1 GeV, for the same time range as the LAT
BSL. Gaussian smoothing with a kernel of radius €8 has been applied.
The 50, 68, 95, and 99% con dence level contours for tB&SRET source
are shown in green. The 95% con dence level radius is shown in black
for OFGL J1028.6 5817 and in magenta for the other two BSL sorces.
Note that the positions have been re ned using six months of datalhe
error circle of 2CG 284 00 is shown in blue. The red cross marks the
radio position of PSR J1028 5819.

from 0.8 to 1.0). The best- t peak positions (), Lorentzian full width at half max
(FWHM) values (W;), and peak separation () are given in Table 4.2.

The value of ; in Table 4.2 is 0.01 greater than that in the rst LAT pulsar
catalog while the value of , is the same (Abdo et al., 2010c). Note that the pulsar
catalog used 6 months of sky-survey data and a di erent energiependent ROI

which may account for the discrepancy beyond statistical uncexinties.
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Figure 4.3 (Top): Gamma-ray light curve of PSR J10285819 in the
(0.1-13 GeV) energy band using 40 constant-width bins and showwen
two pulse periods. The horizontal dashed line indicates the estimate
background level obtained by tting the o -peak region as a consint
value. (Bottom): The 1.4 GHz radio pulse pro le in arbitrary units.
The inset shows the radio pulse in the phase range 0.97-1.03 with the
main peak at phase 1.0 preceded by a smaller, secondary peak atggha
0.996. Reproduced from Abdo et al. (2009a).
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Table 4.2. PSR J10285819 Light Curve Parameters

1 0.200 0.003
W; 0.040 0.011
2 0.661 0.002
W, 0.034 0.007
0.460 0.002

In order to explore the energy dependence of the gamma-ray ligtairve of
PSR J1028 5819, the events were divided into four energy bins de ned as shon
Fig. 4.4. The highest energy event found consistent with the pulsg@osition within
the energy-dependent ROI described above was 13 GeV.

The widths of the rst and second gamma-ray peaks show only 2.1%nd
1.63 deviations from a constant value, respectively, demonstrating &t there is no
evidence for peak width evolution with energy. The ratio of counts ithe rst peak
to the second for each energy bin are shown in Fig. 4.5. Given the rawness of the
peaks, with Lorentzian widths less than or comparable to the bin sizéhe counts
in each peak were taken to be the counts in the bin corresponding tize t peak
position minus the background estimate from the o -peak region.

A t to these ratios of a constant value yields a reduced ? value of 0.54 for
3 degrees of freedom, which implies no evolution of the peak ratio widmergy,
contrary to what is observed in the Vela pulsar (Abdo et al., 2009b &n2010f);
however, the error bars in Fig. 4.5 are quite large and more data magveal a

signi cant trend.
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Figure 4.4 Light curves of PSR J10285819 in four energy bands (as
labeled) in constant width bins of size 0.04 in phase, shown over two
rotations. Error bars are statistical. The horizontal dashed linemdicate
the estimated background level from the o -peak region. Repragted

from Abdo et al. (2009a).
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Figure 4.5 Ratio of background subtracted counts in the rst andecond
gamma-ray peaks in the same energy bands as Fig. 4.4.

Using the energy-dependent ROI described above, the signi canof the HE
light curve of PSR J1028 5819 was evaluated for di erent low energy thresholds. It
was found that using only events 4 GeV yielded a pulsed detection of 3.5while
using only events 5 GeV yielded a pulsed detection of only 1.8 suggesting that
there is evidence for pulsed emission from up to4 GeV. Eq. 1 of Baring (2004)
can be inverted to give a lower bound on the gamma-ray emission altite (Eq. 4.1).
For the lower bound calculation o is the maximum pulsed emission energ i,
is the derived pulsar magnetic eld in units of 1% G, P is the pulsar spin period,

and R is the radius of the neutron star.

Bi2 o7 o 1=
r& (s 22y p 157 R 4.1
(176 GeV/ “.1)
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Using max = 4 GeV, By, = 1.23, and P 0.091 s yields a lower limit of
1.8 R for the gamma-ray emission altitude. While this is not a particularly stong
constraint it does preclude emission very near the stellar surface.

Gamma-ray spectral analysis of PSR J102&819 was done following the pro-
cedures described in Chapter 3. The same selection criteria usedctmstruct the
gamma-ray light curve was used for spectral analysis except thatl events with
reconstructed directions within 15 of the pulsar radio position were included.

All point sources, from a preliminary version of the BSL, found abevthe
background with a TS 25 and within 15 of the pulsar radio position were in-
cluded in the model of the region. The diuse emission from the Milky Wawas
modeled using the GALPROP run designation 589Xvarh7S (Strong et al., 2004).
The extragalactic di use and residual instrument background wer modeled as an
isotropic power law.

The gamma-ray spectrum of PSR J10285819 was modeled as an exponen-
tially cuto power law, Eq. 3.23, with b 1. The other point sources in the region
of interest were modeled with power law spectra. The normalizatiopphoton in-
dex, and cuto energy of PSR J10285819 were left free in the t as well as the
normalizations and indices of the di use sources and nearby pointsces. The
best- t spectral parameters are given in Table 4.3, the rst uncdainties are statis-
tical while the second are systematic. The systematic uncertainieare from early
photon-selection e ciency estimates derived by comparing eveniekections in the
on- and o -pulse regions of the Vela pulsar light curve (Abdo et al.,, Z®b). The
gamma-ray spectrum of PSR J10285819 is shown in Fig. 4.6.
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Table 4.3. PSR J10285819 Spectral Parameters

1.22 0.20 0.12
Ec (GeV) 2.5 0.6 0.5
Flux (0.1-30 GeV) (10 7 cm 2 s 1) 1.62 0.27 0.32

Energy Flux (0.1-30 GeV) (10*° ergcm ?s 1) 1.78 0.15 0.35

B PSR J1028-5819

c

nF. (erg cn? s?)

104

Energy Band Fits

Maximum Likelihood Model

10

Energy (GeV)

Figure 4.6 Gamma-ray spectrum of PSR J102&819, points derived
from individual energy band ts as described in Chapter 3. Error bes
are statistical only.

The energy band ts in Fig. 4.6 agree reasonably well with the best model
though some deviations are observed around 1 GeV. This may be teednaccuracies
in the Galactic di use model used and the fact that the shape of theombined
extragalactic di use and residual instrument backgrounds is not &l described by
a single power law. Nevertheless, the spectral parameters in Taldle8 agree with
those of Abdo et al. (2010c) within the quoted uncertainties and #hnoted di erences

between the PGV1 IRFs and the P6V3 IRFs (Rando et al., 2009).
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Using the gamma-ray energy ux () and DM-derived distance () the total
gamma-ray luminosity of PSR J10285819 can be calculated as = 4 f d°G =
1.1 10®f ergs?, where the pulsar moment of inertia is assumed to be 0y cn?
and f is a beaming factor which depends on the viewing geometry typically afder
1 (see Chapter 5 for more details). From this luminosity, the e cieng with which
PSR J1028 5819 converts spin down energy into gamma rays can be calculated a

L =E=013f.

To date, no geometrical constraints on the viewing geometry of RS1028 5819
have been published. However, using the gamma-ray pulsar \Atlagif Watters et
al. (2009) it is possible to constrain the geometry through the chacteristics of the
HE light curve alone. To construct this \Atlas", a large, random poplation of
pulsars was simulated using geometrical TPC, OG, and PC emission natgl (see
Chapter 2 for more details) and characteristics of the resulting HEght curves were
tabulated. These characteristics were then binned in, , peak multiplicity, and
gamma-ray e ciency for the di erent emission models. Watters et & (2009) also
accounted for HE pulsars which would not be visible in the radio wavebd due to
geometric constraints.

Given that for PSR J1028 5819 is known and the maximum energy of
pulsed HE emission suggests outer-magnetospheric emissiorgan be estimated as
1 and the middle column of Fig. 5 of the \Atlas", which assumes a gamnray
e ciency of 0.1 in good agreement with the estimate from LAT obsemtions, can
be used to constrain the geometry. This suggests2 [70;90], 2 [75;80], and
f 1.1 for the OG model with 2 [65;80], 2 [60;80], and f 0.9-
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1.0 for the TPC model. Comparing these constraints against futurpolarimetric
radio observations and/or X-ray images would serve as a usefustef, and possible

discriminator for, the di erent emission models.

4.1.2 Rede ning Gamma-ray Pulsar Science with Vela

The Vela pulsar was discovered in radio observations by Large et &l968). Thomp-
son et al. (1974) rst discovered a gamma-ray point source cortgist with the radio

location of the Vela pulsar with SAS-2. Gamma-ray pulsations were @o detected
from the Vela pulsar using a radio timing solution (Thompson et al., 19%5 In

addition to being the second known gamma-ray pulsar (after the @b), the Vela
pulsar is also the brightest, non-variable point source in the HE ganarray sky and
is, thus, the canonical rst target of any HE observatory and teting ground for new

pulsar analysis methods.

4.1.2.1 Early Observations

A series of pointed observations of the Vela pulsar were carried odtring the
commissioning phase of the LAT (Abdo et al., 2009k). These obsetiems were
undertaken not only to verify and categorize the instrument resnse during pointed
mode but also to increase the number of events from the Vela puls@ar promptly

address the nature of its gamma-ray spectrum. As discussed indpiter 2, low- and
high-altitude emission models predict a di erent shapes for the garmarray spectrum

above a few GeV as a result of one-photon pair production; howeyebservations
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with the EGRET instrument were unable to measure the spectrum with enough
precision to di erentiate between models with high signi cance (Fiew et al., 1998).

LAT data from the commissioning period and the rst 40 days of skyurvey
data were used to t the spectrum of the Vela pulsar (Abdo et al., 200b). Events
were required to belong to the \Di use" class, as de ned under thd”6_V1 IRFs;
have reconstructed energies 0.1 GeV; zenith angles 105; and reconstructed di-
rections within 15 of the Vela pulsar radio position. The Galactic di use emission
was modeled with the same GALPROP model used in Section 4.1.1 while @adra-
galactic di use and residual instrument backgrounds were modelexs an isotropic
power law.

The spectral parameters of the background sources were lefd in the ts.
The spectrum of the Vela pulsar was modeled as an exponentially cupower law,
Eq. 3.23, with b 1 and b free in order to use the LRT (see Chapter 3) to statistically
test for the presence of a super exponentially cuto power law. Ehbest- t spectral
parameters are given in Table 4.4, rst uncertainties are statistidavhile second are
systematic.

A super exponential cuto power law model (assuming b = 2) was refted
at the 16.5 level, using the LRT described in 3, if only statistical uncertainties
are considered. When systematic uncertainties are taken into acmt their is still
0.29% chance of incorrectly rejecting the b = 2 model. This suggedtéhat, while
low-altitude emission was unlikely, it could not be conclusively ruled ouiraply due

to large systematic uncertainties in the early observations.
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Table 4.4. Early Vela Spectral Parameters

1.1 0.01 0.07
Ec (GeV) 2.86 0.09 0.17
Energy Flux (0.1-10 GeV) (10°ergcm 2s 1) 7.87 0.33 1.57

The best- t spectral model of the Vela pulsar (with b 1) is shown in Fig. 4.7
with points derived from an independent, binned analysis tool knowsatlike. The
EGRET ux points of Kanbach et al. (1994) are shown as well for compariag
this was the rst indication that the so-called EGRET GeV excess was most likely
an instrumental e ect (Abdo et al., 2009I). \Corrected”" EGRET points, using the

analysis of Stecker et al. (2008), are also plotted.

Figure 4.7 Gamma-ray spectrum of the Vela pulsar using early obsafv
tions described in the text.
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However, it should be noted that the best- t value of b was, in fagt0.88 0.04%23

which is not explained by gamma-ray emission models which assume CR isucon-
sistent with a value of 1 when all uncertainties are considered. Tleegarly LAT
observations did not have su cient statistics to allow for phase-rsolved spectroscopy

in ne enough phase bins to be meaningful.

4.1.2.2 Vela After Eleven Months

Sky-survey mode allows the LAT to continuously monitor the entire gmma-ray sky.
Thus, the Vela pulsar is viewed several times every day. This fact waxploited to
create a LAT-only timing solution, phase-aligned with the radio pro lefrom the
Parkes Radio Telescope, with 63s residuals using the techniques described in Ray
et al. (2011).

With 11 months of sky-survey data it was possible to divide the light awe
of the Vela pulsar into 101 variable-width phase bins for phase-réged spectral
analysis (Abdo et al., 2010f). Events were selected from a 2020 region centered
on the radio position of the Vela pulsar. Note that the square ROI wanecessary to
perform a binned maximum likelihood analysis. The events were requiréo belong
to the \Di use" class of events as de ned under the P6V3 IRFs. Further selections
were made to accept only events with reconstructed energies Wween 0.1 and 100
GeV and zenith angles less than 105

The LAT science toolgtmktime was used to exclude times when the rocking

angle of the LAT exceeded 50and when the limb of the Earth intruded upon
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Figure 4.8 Light curve of the Vela pulsar using 11-months of sky-siay
data in variable-width phase bins with 750 counts each using a gamma-
ray derived timing solution, the radio peak is at phase 0. Compare to
the light curves in Fig. 3.14. The insets show zoom-ins of the main p&ak
to demonstrate the ne-scale structure. Reproduced from Almlet al.
(2010f).

the ROI. The 11-month light curve of the Vela pulsar is shown in Fig 4.8 ih
zoom-ins of the main peaks to show the error bars and ne-scalergtture. To
build this light curve events were required to have reconstructediréctions within
maxf1l:6 3log,(E=1GeV); 1:3g (units of degrees) of the pulsar radio position and
energies 0.03 GeV.

The phase bins for the light curve were constructed to each coma/50 events
using the energy-dependent ROI described above, the contefieach bin is inversely

proportional to the width. This \ xed-count" binning scheme serves to bring out
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ne-detail structure in pulsar light curves but note that it does require a relatively
low background level and high statistics.

A binned maximum likelihood analysis was used to t the phase-average
spectrum of the Vela pulsar. All point sources found above the deground with a
TS of 25 in a preliminary version of the rst LAT source catalog (1FGL; Aba
et al.,, 2010h) within 15 of the pulsar were included in the model of the region.
The Galactic diuse gamma-ray emission was modeled using thel_iem_v02. ts
mapcube while the isotropic di use and residual instrument backgtods were mod-
eled using theisotropic_iem_v02.txt template.

The Vela X PWN was included in the model as an extended disc of radius
0 .88, for a full analysis of the observed HE gamma-ray emission fromig PWN,
using the same data set, see Abdo et al. (2010e). All point sourcaas the Vela X
PWN were modeled with power law spectra while the point source at thgosition
of the Vela pulsar was modeled with an exponentially cuto power law, & 3.23,
with b 1 and b free.

Examination of the light curve suggests that the pulsar has a signiant pulsed
fraction with emission from near phase zero until almost 0.8. Thewak, the o -pulse
region was chosen to be 2 (0:8;1:0] and spectral analysis was performed in this
region, without the pulsar in the model, and with all source normalizabns and
indices free.

The o -pulse results were used as a starting point for a phase-amged analysis
(using 2 [0; 1:0]) in which the parameters of all point sources more than 5rom

the pulsar and the index of the Vela X PWN were held xed. Using the likéhood
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Figure 4.9 Phase-averaged gamma-ray spectrum of the Vela pulsath
11 months of sky-survey data. Solid line corresponds to the best-
spectral parameters given in Table 4.5, individual ux points are deved
as described in Chapter 3. Reproduced from Abdo et al. (2010f).

ratio test, a t with b free is preferred at the 11 level. As was found by Abdo et al.
(2009b), the best t value of b was less than 1, see Table 4.5 and F@§9. This is
likely due to the superposition of many spectral components with b 1 and varying

values ofEc and through the pulse.

In order to verify this hypothesis, the LAT ST gtobssimand the simulation
tool PulsarSpectrum(Razzano et al., 2009) were used to simulate a pulsar source

with the period and light curve of the Vela pulsar and varying spectraéhrough
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Table 4.5. Vela Phase-Averaged Spectral Parameters with Eleveroiths

1:37  0:03}3;

Ec (GeV) 1:31 0:18%2
b 0:68 0:03%18
Flux (0.1-100 GeV) (10°cm ?s 1) 1:07 0:01 0:03

Energy Flux (0.1-100 GeV) (10° ergcm 2s ')  8.86 0.05 0.18

the pulse. The simulation included all other sources in the region mddesed for
spectral analysis and used the real spacecraft le.

A binned maximum likelihood analysis of the simulated data resulted in a
best- t spectrum with b less than 1 as well. A similar simulation with no sectral
variation across the pulse was created and spectral analysis oattsimulation did
not show preference for a value of b dierent than 1. The occumee of b< 1
spectra in LAT pulsars and a detailed study of the phase-dependesimulation can
be found in Celik et al. (2010).

Phase-resolved spectral analysis of the Vela pulsar was carried vsing phase
bins containing 1500 events each, using the energy-dependentIRi@scribed previ-
ously, resulting in 101 phase bins. For spectral analysis in each pbadsn, the photon
indices of all other sources in the ROI were kept xed as well as themalizations
of point sources greater than 5from the pulsar.

The pulsar was modeled with a simple exponentially cuto power law in ehc
phase bin. The analysis was also performed with b 2 and b free in order to asses
how well the simple cuto described the data in each bin. On averagthe b free ts

were preferred over the b 2 ts atthe 3 level. For the simple exponentially cuto
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models, the b free ts were only preferred at the 1.5level, on average, indicating
that b 1 is sucient across the pulse phase as can be seen in Fig. 4.10 which
shows the gamma-ray spectra of the Vela pulsar in four represative phase bins.

Signi cant variation is observed in both the cuto energy and photm index
across the phase as can be seen in Figs. 4.11 and 4.12. To evaluagesifni cance
of the observed variations inEc and with phase, the analysis was repeated on
the b 1 simulation described above. The simulation results suggested thatint-
to-point variations of 0.6 GeV inEc and 0.05 in should be expected from the
tting technique alone. As such, point-to-point variations less tha these values
can not be considered signi cant; however, while random uctuatios around the
phase-averaged values were observed in analysis of the simulatiba systematic
trends observed in the data were not reproduced.

These results con rm that the hardest emission is observed betere the two
main peaks as suggested by analysisBGRET data (Fierro et al., 1998); however,
their observation that the photon index changes rapidly throughhe peaks is not
conrmed. In fact, is found to be consistent with constant values of 172 0:01
and 158 0:01 for the rst and second peaks, respectively (see Figs. 4.13 ahd4).
This discrepancy is likely due to a lack of statistics above a few GeV ingleGRET
data which precluded the use of an exponentially cuto spectral nuel and thus put
all spectral changes into the photon index.

The cuto energy rises sharply through the main peaks and, surgingly,
between the peaks as well, following the change in position of the thipeak with

energy (Abdo et al.,, 2009b and 2010f). To better evaluate the baVior of the
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Figure 4.10 Gamma-ray spectrum of the Vela pulsar in the indicated
phase bins with b 1 and best-t cuto energies and photon indices as
indicated. Reproduced from Abdo et al. (2010f).
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Figure 4.11 Best-t photon index () for the phase-resolved analgis,
errors are statistical only, results are only shown for bins in whichhe
pulsar was found above the background with a TS 25. Reproduced
from Abdo et al. (2010f).
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Figure 4.12 Best-t cuto energy (Ec) for the phase-resolved analysis,
errors are statistical only, results are only shown for bins in whichhe
pulsar was found above the background with a TS 25. Reproduced
from Abdo et al. (2010f).
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Figure 4.13 Photon index with phase for the rst peak, dashed line pe
resents the best- t to these points of 71 0:01.

cuto energy through the peaks the analysis was repeated with éhphoton index
of the pulsar xed to the constant values found above for 2 [0:112 0:155] and
2 [0:524 0:579], corresponding to the rst and second peaks, respectivelfhe
resulting trends in cuto energy are shown in Figs. 4.15 and 4.16. Tleito energy
is observed to rise smoothly through both peaks with maxima near ¢hstart of the
trailing edges.
Abdo et al. (2010f) noted that the models give similar CR cuto energs

(Ecr), EQ. 4.2 (units of mc?, . is the electron Compton wavelength), ranging
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Figure 4.14 Photon index with phase for the second peak, dashed line
represents the best- t to these points of 58 0:01.

from 1 to 5 GeV, consistent with what is observed in Vela and other gana-ray
pulsars (Abdo et al., 2010c). Note that in outer-magnetospheriar@ssion models
the accelerating eld Ex depends on the magnetic eld at the light cylinder and the

width of the accelerating gap.

3
2

(SN[

ECR =0:32 c

Ex
Ex (4.2)

It was noted that the cuto energy depends on the local eld line rdius of
curvature ( o). If emission across the pulse originates from regions with di erent

ranges of emission radii then the phase-resolved spectroscopgutd map out the
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Figure 4.15 Cuto energy with phase for the rst peak with held xe d
to 1:71 0:01 for the phase range de ned by the vertical dashed lines.
Reproduced from Abdo et al. (2010f).

emission altitude. Large variations of ¢, and thus Ecr, with phase are expected in
the models and mapping the minimum ¢, using the geometric models, can produce
trends similar to what is seen in Fig. 4.12. However, full radiation motewill be

needed to match all of the observed features (e.g., Du et al., 2011)

4.2 Millisecond Pulsars and Gamma rays

Prior to the launch of Fermi there were no rm detections of pulsed gamma rays
from any MSPs. As discussed in Chapter 2, there were two claims atngma-ray
pulsations from MSPs prior to the launch ofFermi. However, both detections had

only marginal signi cance and were complicated by other factors.
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Figure 4.16 Cuto energy with phase for the second peak with held
xed to 1:58 0:01 for the phase range de ned by the vertical dashed
lines. Reproduced from Abdo et al. (2010f).

4.2.1 The First LAT Gamma-ray Millisecond Pulsar

Shortly after launch pulsations from many new, non-recycled ganaray pulsars
were detected and it was becoming clear that outer-magnetospiceemission models
were favored. However, it was unclear if MSPs could produce gammags via the
same models (see Chapter 2 for more details) so it was not a foreg@monclusion
that MSPs were bright gamma-ray emitters as well.

With just 1 month of LAT sky-survey data a signi cant pulsed signalcould be
seen from the MSP J0030+0451, demonstrating that MSPs could beight sources
of gamma rays. Abdo et al. (2009d) presented the rst analysis ¢tis pulsar using
the 3 months of data. The HE light curve of PSR J0030+0451, in twonergy bands,

is shown in Fig. 4.17.
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Figure 4.17 Gamma-ray light curve of PSR J0030+0451 in two energy
bands, as indicated, sing the rst three months of LAT sky-surwe data.
Reproduced from Abdo et al. (2009d).

The HE light curve of PSR J0030+0451 is very reminiscent of those sdrved
from known young gamma-ray pulsars. The rst and second peaksere found
to be very narrow with Lorentzian FWHM values of 0.07 0.01 and 0.08 0.02,
respectively. Such small peak widths are expected of outer-magospheric models
with narrow accelerating gaps due to copious screening of the decating eld which

was not expected to occur in MSPs.
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Abdo et al. (2009d) selected events with reconstructed energie.2 GeV and
from a 15 radius ROI, centered on the pulsar radio position, for spectral atysis.
The best- t spectral parameters of PSR J0030+0451, given in Tde 4.6, are fairly
typical. Fig. 4.18 shows the best-t gamma-ray spectrum derivedsing the LAT

science toolgtlike with ux points derived using the independent toolptlike.
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Energy Flux (ergscm 2 s 1)

Lol [ W
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Figure 4.18 Gamma-ray spectrum of PSR J0030+0451, solid line is the
gtlike maximum likelihood model while the open squares are ux points
derived with ptlike. Reproduced from Abdo et al. (2009d).

The large amount of screening implied by the sharp gamma-ray peaks$
J0030+0451 may suggest that higher-order, magnetic multipoleseamore impor-
tant in MSPs; the typical MSP mass may be closer to 2 M , in agreement with the
recycled pulsar model; or that some other processes, such asbdipoles (Harding

& Muslimov, 2011), are in play.
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Table 4.6. PSR J0030+0451 Spectral Parameters

114 02 02
Ec (GeV) 1.7 04 05
b 1 (xed)
Flux (0.1-100 GeV) (108 cm 2 s 1) 6:76 1:05 1:35

Energy Flux (0.1-100 GeV) (10 ergcm 2s 1) 491 045 098

4.2.2 A Population of Gamma-ray Millisecond Pulsars

PSR J0030+0451 was the rst MSP to be detected with the LAT largly due to the
fact that it is located far away from the plane of the Galaxy (Galactidatitude of

57 :6) in a region of low background. As more data accumulated in sky+sey
mode, signi cant pulsed gamma-ray signals were seen from more MSHn fact, with

8.5 months of LAT data signi cant gamma-ray pulsations were detéed from 8
MSPs (Abdo et al., 2009g), including PSR J0030+0451 and con rmindghe marginal
detection of PSR J0218+4232 irEGRET data by Kuiper et al. (2000). The 0.1
GeV and radio light curves of these MSPs are shown in Fig. 4.19.

Abdo et al. (2009g) found that the measured spectral parameteof these 8
MSPs were very similar to non-recycled, gamma-ray pulsars. Thetouenergy of
PSR J0218+4232 is somewhat higher than most pulsars but the spat analysis is
complicated by the proximity of a bright, gamma-ray blazar and the ncertainty is
large.

Of the rst 8 LAT detected MSPs, 7 have sharp, single or double-ad&ed HE
light curves while the remaining MSP (PSR J0218+4232) has (possiblyo, closely-

spaced peaks. These results con rm the implications from the initialetection of
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Figure 4.19 Gamma-ray ( 0.1 GeV) and radio light curves of the rst 8
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to bottom right. Modi ed from Abdo et al. (20099).
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PSR J0030+0451 that MSP HE light curves suggest that the obsexet gamma rays
are produced in narrow accelerating gaps near the light cylinder.

Venter et al. (2009) modeled the gamma-ray and radio light curved these
MSPs using OG, TPC, and PSPC models (see Chapters 2 and 5 for maoetails)
for the gamma-ray light curves and a hollow-cone beam for the radoo les. It was
found that six of the MSPs could be well t by TPC and OG models while oly two
(PSRs J1744 1134 and J2124 3358) were well t by the PSPC model suggesting

pair-starved magnetospheres.

4.2.3 The Case of PSR J0034534

Abdo et al. (2009g) noted that signi cant point source signals weréetected po-
sitionally coincident with ve additional radio MSPs. The MSPs were theonly
plausible, known counterparts for these gamma-ray point soucdut signi cant
pulsed signals were not observed. The 1.88 ms pulsar J008834 was one of those
ve MSPs.

With 13 months of LAT sky-survey data, signi cant pulsations were deicted
from PSR J0034 0534 (Abdo et al., 2010d). The HE light curve of this MSP,
Fig. 4.20, displays two peaks which are nearly aligned with those obgedl in the
radio pro le.

The gamma-ray light curve of PSR J00340534 was t with two Lorentzians
plus a constant o set, estimated from simulations, which resulted ia reduced ?

1.4 indicating a good t. The best- t light curve parameters are give in Table 4.7.
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Figure 4.20 Pulse pro les of PSR J00340534. Top panels show LAT
data in indicated energy ranges using a circular ROI of B radius. The
bottom panels show the Narcay and Westerbork radio pro les at idi-

cated observing frequencies. Reproduced from Abdo et al. (2a1.0

The lags between gamma-ray and radio peaks  were evaluated by assuming the
rst and second radio peaks to be at phases of 0.0 and 0.258, respely. The
lag in the second peak is consistent with zero but not the rst; hower, given the
FWHM of the rst gamma-ray peak the radio and gamma-ray peak psitions are
fairly consistent.

Before the detection of PSR J00340534, only the Crab pulsar was known to
have gamma-ray and radio peaks aligned in phase. As such, the gaamray and

radio light curves were modeled in a manner similar to what was done byakling
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Table 4.7. PSR J0034 0534 Light Curve Parameters

1 -0.027 0.008

Ww; 0.066 0.019
1 -0.027 0.008

2 0.247 0.013

W, 0.106 0.038
2 0.011 0.013

0.274 0.015

et al. (2008) for the Crab pulsar. In particular, the gamma-ray lighcurve was
modeled using standard TPC and OG models while the radio emission waedeled
as being extended in altitude and co-located with the gamma-ray ersisn region.
These altitude-limited models have been explored in more detail by \fen et al.
(2011) (see Chapter 5 for more details as well).

Aligned pro les are also expected with low-altitude emission models arstich
emission in an MSP is not expected to result in a super exponential cutas the
derived, dipolar surface magnetic elds of MSPs are too low to causgyni cant
attenuation due to one-photon pair production.

However, attempts to model the light curves with standard low-aitude mod-
els were unsuccessful at reproducing the observations (Abdoadt 2010d). Venter
et al. (2011) have demonstrated that low-altitude SG models canpeduce the ob-
served light curves and compared the model predictions with thoBem the altitude-
limited models. No model could be conclusively ruled out but outer-magtospheric

emission was somewhat favored.
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Good solutions were found for PSR J0034534 using the altitude-limited
models with = 30, = 70, and gap-width of 0.05 (normalized to the polar
cap radius) for both TPC and OG models. The gamma-ray emission lieg extended
from the stellar surface to 0.9 R- while the radio emission regions spanned from 0.6
to 0.8R ¢. For the OG models the emission was always constrained to be aboke t
NCS. Both model light curves are shown plotted against the data ini§. 4.21. With
the statistics of Abdo et al. (2010d) it was not possible to discriminat between the

models.

Figure 4.21 Data and model light curves of PSR J0034534. The mod-

els are for the geometry and altitude ranges given in the text. Thewdels

were matched to the 0.1 GeV and 324 MHz pro les. Reproduced from
Abdo et al. (2010d).
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The gamma-ray spectrum of PSR J00340534 was t using an unbinned max-
imum likelihood method, as implemented in thd=ermi science tools pyLikelihood
python module. Events were selected from 4 August 2008 to 10 Sspber 2009
which had reconstructed energies from 0.1 to 100 GeV, zenith argyle 105, and
sky directions within 10 of the MSP radio position. The events were required to
belong to the \Diuse" class as de ned under the PGV3 IRFs. The Fermi sci-
ence toolgtmktime was used to exclude time periods when the rocking angle of the
instrument exceeded 52and when the Earth's limb infringed upon the ROI.

All sources found above the background with a TS of at least 25 in aghm-
inary version of the 1FGL catalog and within 15 of the pulsar were included in
the model region. The spectral parameters of those sourcesl0 from the pul-
sar were held xed to the catalog values while the parameters of thether sources
were left free. The Galactic di use gamma-ray emission was modelegding the
gllLiem_v02. ts map cube while the isotropic di use and residual instrument back-
grounds were modeled jointly using thesotropic_iem_v02.txt template. The spec-
trum of PSR JO034 0534 was modeled with both a power law (Eqg. 3.21) and a
simple exponentially cuto power law in separate ts. The cuto spedrum is pre-
ferred over the power law at the 4.5 level using the LRT. The best-t spectral
parameters for the simple exponentially cuto power law are given indble 4.8.

With the possibility of near-surface emission for this MSP a separatewas
done in which the b parameter of the exponentially cuto power law madel was left

free. This t returned a value of b not statistically di erent from 1 and not favored
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Table 4.8. PSR J0034 0534 Spectral Parameters

15 02 01
Ec (GeV) 1.7 06 01
b 1 (xed)
Flux (0.1-100 GeV) (108 cm ?s 1) 2.7 05 04

Energy Flux (0.1-100 GeV) (10 ergcm 2s 1) 1.9 02 01

over the b 1 model by the LRT. The gamma-ray spectrum of PSR J0034534,

with b 1, is shown in Fig. 4.22.

4.3 Conclusions

The LAT has proved to be an excellent instrument for pulsar scien@nd has already
facilitated many exciting discoveries. In addition to establishing singl®ISPs as HE
emitters, LAT observations have detected emission coincident witthe location of
at least eight globular clusters (Abdo et al., 2009f and 2010j) whichisplay the
characteristic pulsar HE spectrum. Globular clusters are thoughb contain many
MSPs and, thus, this emission has been interpreted as the combinaaission from
MSPs which have not been detected individually. Such combined MSP ision may
also have implications for the Galactic and extragalactic gamma-rayabkgrounds
(e.g., Malyshev et al., 2010).

Of the 1451 sources in the 1FGL catalog 630 could not be reliably asisted
with a member of any known gamma-ray source class (Abdo et al., 20). Many
of these unassociated sources were found to have non-variablxes and display

signi cant spectral curvature, both traits of known gamma-raypulsars. As such,
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Figure 4.22 Gamma-ray spectrum of PSR J00340534, maximum like-
lihood model is a simple exponentially cuto power law. Data points
are from individual energy band ts in which the pulsar was modeled
with a power law spectrum, 95% con dence level upper limts were cal-
culated for those energy bands in which the pulsar was found with 2
signi cance. Reproduced from Abdo et al. (2010d).

intensive X-ray and radio campaigns were initiated to search the enr circles of
these sources for new pulsars.

To date, these searches have been highly successful, especiallpy@ihg new
radio MSPs. Some of these pulsars have been seen to pulse in gamaya-as well
(e.g., Ransom et al., 2011; Cognard et al., 2011; Keith et al., 2011)etkby rmly
identifying the corresponding 1 FGL sources. The growing populaticif gamma-ray
MSPs provides a unique opportunity to study HE pulsar emission at lav spin-down

energies and thereby understand the evolution of gamma-ray patduminosity.
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Chapter 5

MSP Light Curve Modeling

There have been many attempts to model pulsar light curves using@nmetric rep-
resentations of the magnetic eld structure. Most studies, to d&, have assumed
a vacuum magnetosphere (e.g., Morini, 1983; Romani & Yadigarogll995; Dyks
& Rudak, 2003; Harding et al., 2008; Venter et al., 2009 and 2011).oWever, as
Goldreich & Julian (1969) have shown the vacuum condition can not beaintained

as charges would be pulled from the stellar surface and |l the magsphere with

a pair plasma.

MHD simulations have been used to calculate the pulsar magnetic eldrsc-
ture in the presence of a pair plasma (e.g., Contopolous et al., 1999mbkhin,
2006). Bai & Spitkovsky (2010b) have used a \force-free" MHDotution for the
pulsar magnetosphere, in which inertial forces of the plasma aresamed to be neg-
ligible, to model gamma-ray pulsar light curves. This force-free sadion can not
describe the true magnetic eld either as, by its very nature, paitle acceleration is
not permitted and thus no gamma rays would be produced.

The retarded vacuum dipole eld has been used for the simulations stibed
in this chapter and the results presented in Chapter 7. In principlehe true pulsar

magnetosphere lies somewhere between these two extremes aadipted geometries
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from ts to simulations generated with both eld structures shouldbe compared and

used to gauge which one lies closer to the truth and the models adpgs accordingly.

5.1 The Retarded Dipole Vacuum Field

Deutsch (1955) rst calculated the retarded magnetic eld of a sr rotating in
vacuum which would, if static, possess a magnetic dipole. This was inder to
explain observations of periodic changes in the magnetic eld strethg of A stars.
These objects are white, main sequence stars in which the Balmer é@ission lines
are strongest (Carroll & Ostlie, 1996). A stars have spin periodsnahe order of
days, masses typically around a few M and are typically a few solar diameters
across.

The star was modeled as a perfectly conducting and rigidly rotatingphere
with a co-rotating magnetic eld which was symmetric about an axis inned to the
axis of rotation. Only the eld exterior to the star (and the interior eld right at
the surface for boundary matching conditions) is of interest forhe purposes of the
geometric pulsar light curve models discussed in this Chapter.

Assuming a static dipole eld con guration at the surface and using bundary
matching conditions, Deutsch (1955) solved for the retarded eldtructure and
calculated the rates at which energy and angular momentum are ratked away from
the star. He also found that for altitudes much less than R the eld lines rotated
approximately rigidly with the star and thus the eld structure approximated that

of a static dipole.
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For a dipole moment~ = 2, spin frequency , r = (x?+ y?+ z?)** Jand
r. = r=R.¢ the retarded dipole magnetic eld is given by Egs. 5.1, 5.2, and 5.3

(Dyks & Harding, 2004). The static dipole eld is obtained by settingr, = O.

n

Bretx = 3xzcos( )+sin( ) [(3x* r?)+3xyr,+(r? x3rilcos(t ry)

rs
0
+[8xy  (3x* rd)r, xyrisin( t ry) (5.1)

n
Brety = -5 3yzcos()+sin( ) [3xy+@y* rr, xyrgleos(t rn)

0
+[@By? %) 3xyra+(r? y)rilsin( t 1) (5.2)

n
Bretz = 3 (322 r?)cos( )+sin( ) (3xz+3yzr, xzri)cos(t ry,)

0
+((3yz 3xzr, vyzrd)sin( t ry,) (5.3)

The properties of A stars are quite di erent from those of neutro stars but
the results are applicable to both. As discussed in Chapter 2, the Otsch eld
was rst applied to pulsars by Pacini (1968) who used it to show that highly-
magnetized, rotating neutron star could explain the pulsar phenoemon. However,
it was many years later before the Deutsch eld structure was rsused to model
pulsar light curves Romani & Yadigaroglu (1995). Previous modelingtampts had
employed a static shape dipole which should be a good approximatiom fery low
altitude emission { R.c) but, as discussed below, will not be valid in the outer

magnetosphere where the bulk of pulsar HE emission is now thouglat ¢riginate.
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5.2 Special Relativistic E ects

In order to reproduce the bright, sharp peaks observed in puls&E light curves
it is necessary to consider the special relativistic e ects of abetran, time-of- ight
delays, and rotational sweepback of magnetic eld lines.

Dyks & Harding (2004) investigated the e ects of magnetic eld swepback
in the context of geometric radio emission models and found that, i the polar-
ization angle curve is a ected only weakly, the open eld line region is #gted back
signi cantly with respect to the direction of rotation. This can lead to a phase shift
of the same order or greater as the time-of- ight and aberratioe ects which lead
to emission caustics. Note that this e ect is automatically included though the use
of the retarded dipole magnetic eld.

Photons radiated by particles traveling along curved magnetic eld lies will
be emitted in a cone of opening angle=1, where is the particle Lorentz factor. For
highly relativistic particles this angle is approximately zero and the pron emission
direction is nearly tangent to the eld line. Additionally, due to the nit e speed of
light, photons emitted in the same direction but at di rent altitudes will be observed
at di erent phases.

Morini (1983) rst applied relativistic aberration and time-of- ight delays to a
model of the optical and HE emission from the Vela pulsar. He fountiat these two
e ects nearly cancel out the di erences in phase which would otheise be observed

for photons emitted at di erent altitudes on the trailing edge of thePC.
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These e ects naturally lead to the formation of emission caustics whe pho-
tons originating at di erent altitudes arrive closely spaced in phasereating bright

peaks in the observed light curve.

5.2.1 Magnetic Field Sweepback

The sweepback e ect simply refers to the rotationally induced disttion of the
magnetic eld lines from the static dipole form. This is a direct conseance of the
fact that magnetic eld lines have momentum and thus can not rotat rigidly with
the star.

Early studies of this e ect (e.g., Shitov, 1983) focused on the eld les near
the stellar surface (such thatr R.c) where radio emission is thought to occur.
In particular, these studies assessed how rotational de ectioms the eld direction
would a ect polarization pro les expected from the RVM.

Shitov (1983) found that the sweepback resulted in a de ection afrder r3
by relating magnetic torques with pulsar spin down. This will lead to a lagn the
expected polarization curve (Shitov, 1985) but the e ect will be meh less than that
found by incorporating relativistic e ects to the RVM which goes liker, (Blaskiewicz
et al., 1991). An important e ect for HE emission (from the outer mgnetosphere)
noted by Shitov (1985) is that the open eld line volume is shifted baskard with
respect to the magnetic PC.

Dyks & Harding (2004) used the vacuum retarded dipole magnetic l& so-

lution (Egs. 5.1, 5.2, and 5.3), including the aberration and time-ofight e ects
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discussed below, to address the sweepback e ect in more detail. ejhfound that
the retarded eld is disturbed from the static con guration, in the near- eld region,
by angle of orderr?2, though along the dipole axis of an orthogonal rotator the
de ection is of orderr?3 which is roughly in agreement with Shitov (1983).

Dyks & Harding (2004) de ned the open eld line region following the pe-
scription of Dyks et al. (2004) (for more details see Section 5.3). iBhapproach
accounts for the fact that the shape of the open eld line region is ected strongly
by the con guration of the magnetic eld near the light cylinder. They demon-
strated that the open volume is displaced backwards (shifted to lat phase) by an
amount of orderrs 2. Note that while it is important to include this e ect the
relativistic corrections discussed below will dominate at high altitudesvhere the

observed HE emission is thought to originate.

5.2.2 Relativistic Aberration

Photons are emitted in a direction tangent to the magnetic eld in theco-rotating
frame (CF). To assess the observed phase of this emission the aim must then
be transformed to an inertial observer's frame (IOF) via a Loremt transformation
as follows.
Let the emission direction in the CF bek® with coordinate system (°x%y°z9
such that ~= ~ z0% Let the IOF coordinate system be t,x,y,z) such that z = z°
Assuming that the magnetic eld structure described in Section 5.1aks not

change with time in the CF, it is possible to evaluate the emitted photowlirection
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in the CF and IOF at any time t; therefore, let the direction be evaluated at time
= 0 such that the = ~ plane coincides with thex-z plane.

This choice oft allows for phase 0 to be assigned to those photons emitted from
the center of the star with IOF directions in they = 0 plane. With this de nition
and ~along the z-axis phases are negative for positive and positive for negative
y. Note that no emission is actually observed from the center of théas, this choice
serves to simplify the time-of- ight delay equation described in Seicin 5.2.3.

Consider the point of emission to be, instantaneously, an inertial dme of
reference moving with velocity™ with respect to the IOF. For an emission pointr,
referenced from the center of the neutron star, the co-rot@an velocity (in units of
c) is given by Eq. 5.4, where is the polar angle with respect to the rotation axis
(in the IOF) and " is a unit vector in the direction of ~ .

- = c+ - %sin()" = rpsin( )" (5.4)

In principle, the co-rotation velocity should be de ned using the polaangle
in the CF; however, Dyks et al. (2004) showed that to rst order ir=R_¢ the polar
angles in the CF and IOF are identical.

The emission direction in the IOF is given by Eq. 5.5 (derivation in Ap-
pendix B). To lowest order inr,, the aberration goes like™ the magnitude of

which grows linearly withr,,.

. Ro+  +¢ )= K ~
- 1+~ K9 (5:5)

For photons emitted on the leading edge of the P&°has a component parallel
to = while those from the trailing edge have a component anti-parallel. Orhé¢
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leading edge this results in a spreading out, in phase, of emission asested in the

IOF while emission from the trailing edge is seen to bunch in phase.

5.2.3 Time-of- ight Delays

As noted above, zero phase is referenced to emission from theeeaf the star with
K ¢ = 0. Due to the nite speed of light, photons emitted at higher altitudes will
arrive at the observer earlier in phase.

The di erence in light travel times between a ctitious photon emitted from
the center of the star and one emitted with the samé& is given by t = r K=
where the dot product re ects the fact that only the distance (inthe CF) along the
line of sight to the observer contributes to the time delay. This coasponds to a
backward shift in phase of  t = r k=c = . k.

On the leading edge of the PC emission at higher altitudes is already sbd
to earlier phases by the aberration e ect; including the time-of- idit delay spreads
emission out even further. For photons on the trailing edge of the@time-of- ight
delays combine with aberration to bunch the emission even more clyse phase.

Using the conventions above with negative phase in the region of in®g vy,

the observed photon phase can be calculated using Eq. 5.6.

L Ky

3 + P R) (5.6)

obs = (tan

The rst term on the right hand side calculates the phase of the ption if it
were from the center of the star, incorporating aberration, whilé¢he second term

adds the time-of- ight delay.
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5.3 Simulating Light Curves

To simulate MSP radio and gamma-ray light curves the radius and masx the
neutron star are assumed to be #@m and 1.4 M, respectively. The spin period,
magnetic inclination angle, and period derivative are parameters ofi¢ simulation
(as well as an observation frequency for the hollow-cone beam i@adodels).

The next step is to nd the rim of the PC via bisection in magnetic polar agle
() following the prescription outlined in Dyks et al. (2004). The PC rim is @ ned
as the contour on the stellar surface from which those magneticlcelines which lie
on the surface of last closed eld lines originate. Field lines from this otur will
haveB.c ”~ = 0, where B¢ is the direction of the eld line at the light cylinder
and " is the usual unit vector in the direction of the cylindrical radius coatinate

For a xed value of magnetic azimuth ( ) the magnetic eld line originating
from the stellar surface with = 0.7 pc (Where pc  ( Rns=0Q¥2 is the PC
opening angle) is traced out to the light cylinder via Runge-Kutta intgration. Thus,
if the current eld line closes before the light cylinder a new eld line is taced from
the surface with  smaller than the last step. If the current eld line is open at the
light cylinder a new eld line is traced from the surface with  greater than the
last step.

This continues until a eld line is found which hasB\LC N = 0. Astepis
made in  (using a step size of Q5) and the process is repeated starting at the

value of corresponding to the rim for the previous
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For 115 many authors (e.g., Romani & Yadigaroglu, 1995) found a defor-
mity of the PC rim, due to distortion from magnetic eld sweep back, ér which the
rim had three values of foragiven . Thus, ajump discontinuity was introduced
and no eld lines originating from this region of the rim were used.

However, Dyks et al. (2004) applied bisection in to trace the rim in this
region which led them to discover that the distortion manifested as\motch" in the
rim (see Fig. 5.1). They also discovered that ignoring the eld lines orilgating from
the notch resulted in a large fraction of the open- eld line volume begempty for
moderate inclination angles. Such a situation is highly undesirable fdre generation
of HE pulsar light curves.

The simulations in this study follow the prescription of Dyks et al. (200) in
the vicinity of the notch when tracing the PC rim. For small steps in  the location
of the rim in  should change very little. Thus, bisection in is used when a eld
line has not been found withB\LC N = 0 and the trial has moved more than
1.5% of the PC angle from the previous step. This algorithm proceedsnilarly to
that described for bisection in  until the rim is found. Once clear of the notch the
remainder of the rim is found using bisection in .

Once the full rim has been found open volume coordinates,. and |y, are
de ned as in Dyks et al. (2004). Ther,,. coordinate is de ned to be 1 at the rim and
0 at the magnetic pole, in analog to = pc. The |y, coordinate is de ned as arc
length along a contour of constant,,., de ned to be zero at = 0 and increasing

in the same direction. Whilely, is very similar to magnetic azimuth note that it
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Figure 5.1 Points used to de ne the PC rim projected onto a 2D space
with ~ coming out of the page at (0,0). The coordinates have been
normalized to the PC rim, a circle of radiug pc centered on the magnetic
pole is shown for contrast. This rim corresponds to a simulation with
=45 and spin period = 2.5 ms.

follows the shape of the PC rim and thus is not a monotonic function of in the
region of the notch.

Self-similar rings are de ned on the surface of the star in open vol@rcoor-
dinates between a specied " and rf&, with a spacing between rings of 1ing

= 0.005 (units of ro,). The rings are divided into equal area segments by taking

constant steps inly,¢, resulting in rings with lower values ofr ., (inner rings) having
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fewer segments. Each segment is assumed to contain one magnetat line along
which an electron will be followed and emitted photons collected.

Electrons are distributed uniformly over the PC, one per ring segmg which
allows for the area of each surface element to be approximateddss I' pc =Ne:tot
(Eg. 20 of Venter et al. (2009)), whereN..; is the total number of electrons (de-
pendent on the number of rings and ring segments) angc = ( R3s=0 s
the approximate radius of the PC.

Starting at the outermost ring and moving inwards, electrons areofiowed
along magnetic eld lines in the CF. For the gamma-ray emission modelte elec-
trons are assumed to emit via CR with a uniform emissivity along the eldines. The
phase of an emitted photon is calculated accounting for aberrati@nd time-of- ight
delays and the corresponding phase bin content is incremented hy 1

In reality, the emissivity should decrease far from the surface ofi¢ star. To
re ect this fact, the emission is only followed out to a specied radialdistance
(Rmax ), essentially implementing a step function from uniform to zero emissty.

In principle, pulsed emission is possible from particles co-rotating witthe
star out to the edge of the light cylinder. However, the magnetic e structure is
not well known near the light cylinder and thus the emission is only follosd to a
cylindrical distance of 0.95 Rc.

For generation of radio light curves with a hollow-cone beam structe (see Sec-
tion 5.3.2), the eld lines are traced to one speci ed altitude where eission occurs.
The phase and colatitude of an emitted photon is calculated and th@wesponding
phase bin is incremented by a speci c ux value.
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In order to calculate the observed phase of a photon emitted at a/gn point on
a eld line, the direction tangent to the eld line in the CF must rst be c alculated.
This is used as the initial photon direction and then transformed tohte 10F, which
accounts for relativistic aberration (Eq. 5.5). The phase is then taulated from this
direction, using the geometric convention described in Section 5.2ydacorrected for
time-of- ight delays (see Section 5.2.3).

The emitted photons are accumulated in bins of colatitude { and pulse phase,
both relative to the rotation axis, with 1 resolution in and 2 in phase (see
Fig. 5.2). The content of each bin is then divided by the solid angle it stdnds
resulting in units of photons/primary/solid angle. This also removes idtortions in

the phase plots (e.g., Fig. 5.2) due to the variation of solid angle with gin).

Figure 5.2 Simulated phase plots for OGl€¢ft, =72 ) and TPC (right,

= 28 ) gamma-ray emission models with a spin period of 5.5 ms. The
phase plots were chosen to match the best-t viewing geometriesch
gap widths for PSR J0437 0534 (see Chapter 7).
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The resulting light curve for a given viewing angle is formed by selectirtbe
proper bin and plotting the contents in ascending phase. When comparing eh
simulated light curves to data the relative, not absolute, magnitudeof each bin are
the important values as these de ne the shape.

Previous studies (e.g., Venter et al., 2009; Abdo et al., 2010d) dat@ned the
magnetic eld direction in the IOF, used that as the emitted photon drection in
the CF, and then applied a Lorentz transformation to calculate thdOF photon
direction. Bai & Spitkovsky (2010a) argued that the magnetic elddirection should
be rst transformed to the CF, before calculating the emission diion, for self-
consistency.

The simulations used in this study now calculate the magnetic eld in th€F
using Eqg. 5.7 (Ohanian, 2001). This Lorentz transformation is foihe force-free case
and the perpendicular and parallel su xes are referenced to . For details of how

the simulation code implements this transformation see Appendix B.

B-CF - B«ll(OF + lBJ?OF (57)

This had been neglected previously because the total e ect, aftaccounting
for abberation, is of order 2 1forr, 1. However, Bai & Spitkovsky (2010a)
demonstrated that including the transformation can a ect the slape of simulated
light curves.

Use of Eq. 5.7 before determining the photon CF direction can lead stightly
wider peaks. Additionally, this transformation has the e ect of beaing the emission

towards the rotational equator which leads to a lack of emission, reippronounced in
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TPC models, for large and small where previous studies would have predicted
emission. However, the relative ux level and phase modulation at #se geome-
tries predicted previously are very low. Thus, this does not impact eegion which

detected gamma-ray pulsars are expected to populate.

5.3.1 Gamma-ray Light Curves

Geometric versions of the SG, OG, and PSPC models (see Chaptec@h be realized
by specifyingrmin | rmax " and the altitudes between which emission is calculated to
de ne accelerating and emitting gaps. Note that the TPC model (Dks & Rudak,
2003) is taken to be a geometric realization of the SG model for thenposes of this
study.

As discussed in Chapter 2, initial studies with the TPC model only folload
emission out to radial distances of 0.75 R. Dyks & Rudak (2003) found that
the features of known HE light curves (two bright, widely separatk peaks) were
satisfactorily reproduced without following emission higher in altitude However,
given the improvement in HE light curve detail a orded by data from te Fermi
LAT and following the ndings of Venter et al. (2011), the TPC modelused here
allows the emission to occur at radial distances 0.75 Rc.

The assumption of uniform emissivity along the magnetic eld lines for PC
and OG models means that the rate of emitted photons is proportiah to the

distance traveled along the eld line and no explicit form is necessarpifthe ac-

celerating electric eld. For the PSPC model the accelerating eledtr eld solution
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of Venter et al. (2009) is used to calculate the rate of emitted phohs out to high

altitudes in the magnetosphere (see Chapter 2 for more details).

5.3.1.1 TPC and OG Realizations

The accelerating gaps and emission regions for the TPC and OG modaie de ned

as follows and shown schematically in Fig. 5.3.

~ Null-charge
surface

Emission

min
layer ove Accelerating

max gap and
r ove emission
Vacuum layer
i accelerating :
Light gap Light
cylinder Cylinder

Figure 5.3 Schematic of the TPQright) and OG (left) emission geome-
tries. The emission gaps are de ned by™" and r1® as described in
the text, emission is assumed to originate from the green (pink) parof
the gap for the OG (TPC) model.

For the TPC model, acceleration and emission are assumed to occuthm

the same, nite-size gap bounded by the surface of last closed elmes (i.e., the
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PC rim) which leads torJ& 1:0 for all TPC realizations. The inner boundary
of the gap is de ned by eld lines emerging from a ring on the stellar stace with
Foye = rmn 1:0. The gap width is therefore de ned to be 1 rmn

ovc ove -

Electrons are followed from the stellar surface, originating betwee ™" and
roa . to Rmax = 1.2 R c and emission is collected from points along the magnetic
eld lines as described previously.

For the OG model, acceleration is assumed to occur in a vacuum gapunded
on one side by the surface of last closed eld lines, with the other biedary within
the open eld line volume and specied byr@. The accelerating gap width is

ovce

denedtobel rg&.

The emission should then occur in a small layer just insidg,2. This inner
boundary is speci ed byr™" which is constrained to satisfy (1 rn& (rowx
rmin) following the ndings of Wang et al. (2010) that this layer should be mall
compared to the total gap size. The width of the emitting layer is dened to be
rmax - ymin and the \total* gap width is the sum of these two widths.

Similar to the TPC model, electrons are followed from the surface,igmating
betweenr™" and rM&  out to Rmax = 1.2 R.c. However, no emission is collected
from below the NCS. This boundary is de ned by the requirement tha~™ B =
0. Therefore, emission is only collected from points where tlzecomponent of the
magnetic eld is negative.

To model the radio and gamma-ray light curves of phase-aligned M§PAbdo
et al. (2010d) introduced the so-called \altitude-limited" TPC and OG models

(@alTPC and alOG, respectively) in which the gamma-ray and radio emigm are
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both assumed to be caustic in nature and come from regions co-ltechwithin the
magnetosphere. These models, as well as a low-altitude version lo¢ {SG, are
developed and discussed in more detail by Venter et al. (2011).

The emission gaps for the gamma-ray alTPC/OG models are de ned irh¢
same manner discussed above for the TPC/OG models with one impant dif-
ference. For these models R« is a parameter of the simulation but, currently,
constrained to be 0.7 R¢. The minimum emission altitude remains xed at the

stellar surface for alITPC models or the NCS for alOG models.

5.3.1.2 PSPC Realization

The PSPC model uses the full open eld line volume to accelerate elemts and

produce gamma rays. This is implemented by setting™ = 0 and rm&

1,
e ectively sectioning the entire PC intol,,. rings which are populated with electrons.
The accelerating eld (Ex) should change signi cantly over the open volume
and it is thus necessary to abandon the uniform emissivity assumpticfor this
model and include the functional form of the accelerating electriceld. A detailed
description of the method used to accelerate electrons and acaudate curvature
radiation emission is given in Venter et al. (2009). A summary of the rieod
follows.
The forms of Ey for low and medium altitudes have been solved by Muslimov

& Harding (1997) and Harding & Muslimov (1998) and are given, in redied form,
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by Egs. 5.8 and 5.9, where p¢ is the azimuthal coordinate referenced to the polar

cap at the point of interest and = pc-
B R
EY = y( 6 ) Fi( 55 el Rasy ) (5.8)
B R
ES = T8N 1 eeinRsi )AL D) (5.9)

The full functional forms of F; and F, are given in Venter et al. (2009), these
terms account for, among other things, General Relativistic inel frame dragging.
Note that Eqg. 5.8 is valid for r=Rys 1 1 while Eq. 5.9 is valid for
SR r=Rys 1 R.c=Rns, Where §R GR(1) and ©R given in Eqg. 5.10,
which approximates pc. The function f (r=Rys) is generally of order unity and is

de ned in Muslimov & Tsygan (1992).

1=2

GR r
S I — 5.10
cf (r:RNs) ( )

The accelerating eld solutions given above are not valid out to the ligh

cylinder, therefore it is necessary to use the solution of Muslimov &atding (2004b)

given in Eq. 5.11 which giveg, near the light cylinder.

E(3) i RNS 3Bsurf
k 16 Ric f(1)

Fa( ;5 pciliRws; ) (5.11)

The full functional form of F3; can be found in Venter et al. (2009). The
low altitude solutions Elil) and E,Ez) are matched at an altitude ofr=Rys 1+
0:0123 P 9333 following Venter (2008). Matching the high altitude squtionsEﬁz)
and E,ES) is done separately for each eld line using an altitude which depends &n

P, , ,and pc as described in Venter et al. (2009).
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Note that the accelerating eld is directly proportional to the surface magnetic
eld. For the results presented in Chapter 7 all simulations were pduced assuming
a period derivative of 10%° s s ! which leads toB gy 4:94 P Pms 10 G, where
Pms is the pulsar period in units of ms.

Only losses due to CR from primary particles are considered using thans-
port equation given in Eq. 5.12 (e.g., Daugherty & Harding, 1996). Téhelectrons are
assumed to be travelling with velocity 1 which ignores the initial acceleration
from the stellar surface.

Ee = ecB —~ (5.12)

The rst term on the right hand side of Eq. 5.12 is the energy gain fro the
accelerating eld (where the appropriateEy is used based on the current particle
altitude) while the second term is the energy loss due to CR (see Eql4).

The particle out ow along each eld line (Eqg. 5.13) is normalized to the gneral
relativistic counterpart of the Goldreich-Julian charge density . (Eq. 12 of Harding
& Muslimov, 1998 ,withr = Rys) and the surface patch area estimatedS) given

in Section 5.3 of this thesis.

dN\L = Mds oC (5.13)

The particles are assumed to have an initial speed,c which is taken to be
such that o =100. As Venter et al. (2009) note this choice does not strongly act
the results as reaches vales of 10° or more a short distance above the stellar

surface.
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For each step along a eld line the number of CR photons is calculateding
Egs. 5.13 and 1.15 (withg = e and using the instantaneous eld line radius of
curvature) scaled to an average photon energy of 100 MeV. Theettion and phase
of emitted photons are calculated as described in Section 5.3.

Venter et al. (2009) found energy balance and near radiation-retgon condi-
tions which suggests that the simulation describes the acceleratipmocess accu-

rately.

5.3.2 Radio Light Curves

For MSPs with signi cant lags between radio and gamma-ray light cuer peaks, the
radio emission is modeled using a hollow-cone beam geometry. This geynis
based on empirical ts of radio pro les by Rankin (1993) which sugged that the
light curves of many pulsars could be t with a core and one or more swunding
hollow-cone beams. The models of Rankin (1993) assume that theneas fully
illuminated though some authors have argued for only partially illuminatd (or
patchy) cones (e.g., Lyne & Manchester, 1988).

The radio pro les of MSPs with non-aligned pro les discussed in Chapt 7
are modeled as single, hollow-cone beams with no core componenue&d studies
have suggested that cone beams dominate in short period pulsaesy(, Johnston &
Weisberg 2006). However, as discussed in Chapter 7, there anmsaases for which

this model is likely not su cient.
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The cone beam geometry used here follows that of Story et al. (Z)Cand
Harding et al. (2008) (where the two di er the model of Story et al.2007 has been
used). These models build on the analysis of Gonthier et al. (2004) eviadded
frequency dependence to the ux model of Arzoumanian et al. (2Q).

The cone ux (in units of mJy sr 1) as a function of and radio frequency

( ) is given by Eqg. 5.14.

2
Score( 5 ) = Feone( )EXP % ; (5.14)
We
The angular position of the cone (with respectte-)is = (1 263 ) cone-
The width of the cone iswe =  cone, USINg the parameters ,, = 0.18 (Harding

et al. 2008 and Gonthier et al. 2006) andgne = 1 :24p rke =P. The emission

is emitted at a single altitude in the magnetosphere given by Eq. 5.15 (imits of
Rns) where gh IS the radio frequency in units of GHz (Kijak & Gil, 2003).

=3 0:07
ke = 40 Togec Po3 28 (5.15)

The ux per solid angle of the cone Fone) is given by Eq. 5.16 for a cone
of solid angle ¢one, assuming a spectral index cone = 1:72, and a distance of
D = 1kpc. The gamma-ray MSPs detected by the LAT span a distanceange
from 0.1 to 8 kpc but the use of 1 kpc in all simulations does not adversely ect
the light curve ts presented in Chapter 7 as only the light curve shaes, not the

observed uxes, are compared.

(1 + cone) cone *1 L cone
50 MHz coneD?

Feone( ) = (5.16)
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The cone luminosity (cone) iS given by Eg. 5.17 (following the P ancR de-
pendence found by Arzomanian et al., 2002) in which, is taken to be 176

1010 p 105 p937 mJy kpc? MHz following the ndings of Story et al. (2007).

L,
L =
cone 1 + (r:ro)

(5.17)

The core-to-cone peak ux ratio ¢) is 25 P2 22, (Gonthier et al., 2006 and
Harding et al., 2008; for P< 0.7 s). The parameterr, (Eq. 5.18) is the ratio of
energy emitted at frequency in the core versus the cone component, wherege
is the solid angle of the core component which is assumed to have actfze index

of core = 2:36 (Story et al., 2007).

conel kG  core T 1 core  cone
o= 5.18
° core conet1l 50MHz ( )

The PC is partitioned into rings betweenr™" = 0.1 and r® = 1.2 as described
previously. The magnetic eld line in each footprint on the stellar sudce is traced
outward until rxs is reached. At this point the phase and co-latitude of a photon

emitted tangent to the eld line is calculated. The corresponding phseplot bin is

then incremented by the radio ux given in Eq. 5.19.

Reone( iTove) = Scone( 5 ) seg (5.19)

The solid angle of a ring segment is approximated asseq (d)Xd) =
(2 sin( Jling )( ring PcrI®) wherel;ing is the length of a ring segment igye. An
example of the simulated radio emission is shown in Fig. 5.4.

The hollow-cone beam model can match the shape of some MSP radittlig
curves, at least in part, but for gamma-ray MSPs it is also importanto match the
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Figure 5.4 Simulated radio phase plots assuming a hollow-cone beam
geometry and a spin period of 5.5 ms. The phase plots were chosen
to match the best-t viewing geometries of PSR J2302+4442 with OG

(left, =64 ) and TPC (right, = 59 ) gamma-ray emission models
(see Chapter 7).

observed phase delay between features at both wavelengths péarticular, assuming
gamma-ray emission originating in the outer magnetosphere the hollcone beam
geometry (with the emission altitude of Kijak & Gil, 2003) can not prodice phase-
aligned radio and gamma-ray light curves.

Low-altitude, gamma-ray emission models such as the PC model ($&eapter
2) do predict phase-alignment but, as discussed in Abdo et al. (2@f)pstandard PC
models are not able to properly match the observed gamma-ray ligbtirve shapes.
However, low-altitude SG models may be a viable alternative. These dwls have

been explored in more detail by Venter et al. (2011) but are beyorttie scope of

this study.

180



The radio light curves of phase-aligned MSPs are simulated using alTR@d
alOG models. The emitting regions are de ned in the same manner asofe of the
gamma-ray alTPC/OG models with one exception. In the radio alTPC/d5 models
the minimum altitude of emission (R, ) is also a free parameter.

In particular, the value of Ry, can be dierent from the stellar surface
(alTPC) or NCS (alOG) for the radio simulations. Note that emission in he alOG
radio models is still con ned to be above the null-charge surface artldus the true
minimum emission altitude is a function of , , and

Modeling the radio emission as signi cantly extended in altitude implies tht
it is of caustic origin. Manchester (2005) and Ravi et al. (2010) havalso argued
that radio pulsar emission should be from further out in the magnesphere in wide,
fan-like beams based on comparisons of gamma-ray and radio pulpapulations.
However, the caustic nature of the emission also a ects the polaatzon properties

(Venter et al., 2011) and thus applicability to all pulsars is unclear.

5.3.3 Beaming Correction Factors

One uncertainty which has plagued gamma-ray pulsar science is thetekrmination
of gamma-ray luminosity when it is not known how the emission is distridiad across
the sky. In particular, for a pulsar with distanced and observed gamma-ray energy

ux Geps, the gamma-ray luminosity can be expressed as (Venter, 2008),

L = Ggpsd? (5.20)
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where = " = %Scorrects for the fact that the pulsar emission is not isotropic.
The parameter” is de ned to be °P5G,;=G,ps, °PS is the pulsar duty cycle, and
is the average beaming angle.

Without knowing the details of the emitting geometry this ambiguity can not
be resolved. However, as noted by other authors (e.g., Watters &., 2009 and
Venter et al. 2009) the necessary beaming correction factor che estimated from
geometric simulations such as those described in this chapter. Follogy Eq. 4 of
Watters et al. (2009) the fraction of 4 into which the pulsar emission is beamed

can be estimated using Eq. 5.21.

s et 0 )sin(9 W
G)= 2 Fem(;; )d

(5.21)

The quantity Fgim(; ; ) is the simulated ux for a given magnetic inclina-
tion, viewing angle, and phase bin. The numerator sums the emissioreothe whole
sky while the denominator sums only that emission seen at a particulgiewing an-
gle. This correction factor can be connected to Eq. 5.20 by equadin 41 .

Calculating f from the simulations described here requires summing over the
phase plot bins for a given (see Fig. 5.2). The numerator in Eqg. 5.21 is calculated
as the sum of all bins while the denominator is twice the sum of the plagins for

a given .

5.4 Simulations

TPC, OG, and PSPC simulations have been generated for periods 06,12.5, 3.5,
4.5, and 5.5 ms while alTPC and alOG simulations have only been generafed a
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period of 1.5 ms. Hollow-cone beam radio simulations have been getesigor the
same ve spin periods at frequencies which closely match the obsarens (values
of 300, 800, 1400, and 3000 MHz).

The code which generated the simulations used in this thesis was orgjlg
developed by Alice Harding and Joe Daugherty (Daugherty & Hardingl996) to
produce PC model light curves using a static dipole eld. Jarek Dyks tar modi ed
the code to use the retarded dipole eld and to calculate polarizatiofDyks et
al., 2004). The current version has further been modi ed to allow foPSPC and
altitude-limited models by Christo Venter as well as to incorporate tb Lorentz
transformation of the IOF magnetic eld as detailed in Section 5.3 and\ppendix
B.

The simulations are generated with a resolution of lin  and with steps
of 0.05 inrM" and rM& . Note that this rather coarse resolution in ther gy, pa-
rameters results in most OG models having zero width emission layergor the
altitude-limited models, steps of 0.1 (in units of ;) have been used for the emis-
sion altitudes. For a period of 1.5 ms R = 0.14 R_c which results in one altitude
step of 0.06 between of & and Ryax = 0.2.

An overview of the simulated parameter ranges for each model is givin
Table 5.1. For the OG and alOG modelst™" can only take on the value of 0.85 if
roax =0.9.

Models with in nitely-thin gaps, rfin = rma = 1:0, are unphysical. For

any MSP where the best- t parameters result in zero width (see Gipter 6) this
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Table 5.1. Simulation Parameter Ranges

Model @) rove ( pc) rove. ( pc) Rmin (Ric) Rmax (Ric)
TPC 1-90 f1.0,0.95,0.9 1.0 Rns 1.2

oG 1-90 f1.0,0.95,0.9,0.8% f1.0,0.95,0.9 Rnes 1.2
PSPC 1-90 0.0 1.0 Rs 1.2
alTPC (gamma) 1-90 f1.0,0.95,0.9 1.0 Rns f0.7,0.8,...,1.3
aloG (gamma)  1-90 £1.0,0.95,0.9,0.85 £1.0,0.95,0.9 Rucs £0.7,0.8,....1.3
alTPC (radio) 1-90 f1.0,0.95,0.9 1.0 fRns,0.2,...,009 0.2,0.3,...,1.3

aloG (radio) 1-90 f1.0,0.95,0.9,0.8% f1.0,0.95,0.8 fRys,0.2,...,0.9% f0.2,0.3,...,1.3

aFor the radio alOG models R,, is taken as a lower limit since the emission is constrained to

be above Rcs which is a function of , , and



should be taken to mean that the true gap width is less than the cuent resolution
of 0.05.

For a select set of simulation parameters the PC rim was not complétede-
ned. In particular, for a spin period of 4.5 ms and =42 and for a spin period
of 5.5 ms and =42, 45, and 69 a eld line with B,c ” = 0 could not be found
for at least some range of and

However, the procedure was successful if values of 41.9, 44.9, and 68.9
were used. Thus, for all simulations with 4.5 and 5.5 ms periods the latt values
were used to generate the light curves but in reporting best- t aes they are treated

as 42, 45, and 69

5.5 Conclusions

This chapter outlines a method of simulating gamma-ray and radio lighturves
without the need for a detailed radiation model. Similar simulations haveeen used
previously to study pulsar light curves and polarization angle swees.g., Romani
& Yadigaroglu, 1995; Dyks & Rudak, 2003; Venter et. al, 2009).

This approach exploits the fact that the shape of a pulsar's light cwe should
re ect the structure of the magnetosphere along the line of sightVhile any energy
dependent behavior will require more detailed physical models, muchn be inferred

about the eld structure simply by matching the basic light curve shae.
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In particular, the key components to consider when matching ohsations to
geometric models are: peak multiplicity, peak separation, radio-tgamma lag, and
0 -peak emission level.

Full radiation models provide detailed information about the emissionegions
and particle populations (e.g., Du et al., 2011) but are time intensive @nmust be
tailored to each source. Geometric models can be used to derive basic properties
of many sources which can then be used as inputs to population dyesis studies
where speci ¢ details of the emission processes are of less imparéan

The simulations described in Section 5.4 have ner resolution in than pre-
vious studies which will allow for better comparison of the best- t gemetries with

estimates from radio and X-ray observations (see Chapters 6 amjl
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Chapter 6

Likelihood Fitting Method

Previous modeling studies of MSP gamma-ray and radio light curvestiesated
viewing geometries by eye (e.g., Venter et al.,, 2009 and Abdo et al., Rd). This
involved scanning through the models for geometries which were ko to give
the appropriate number of peaks, reproduce the observed radmgamma lag, and
match the gamma-ray peak separation (in the case of two-peakgdmma-ray light
curves).

While these studies were successful in nding models which matcheuetob-
served pro les well such methods are time consuming, provide no ams by which
one model can be preferred over another, and tend to favor ittg the gamma-ray
light curves better than the radio. Additionally, if one wishes to exploe a larger
parameter space (i.e. dierent gap widths, emission altitudes, etc.)t is unclear
how the best parameters would be chosen with con dence and thamber of light
curves to scan grows with each new parameter. Therefore, it isstl@ble to cre-
ate a tting technique to statistically determine the best- t parameters for a given
emission model.

Maximum likelihood estimation methods are well suited to tting data usng

complex models with large parameter spaces and providing estimatdshe
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best- t parameters. The likelihood value () is proportional to the probability that
a model (with a given set of parameters) accurately describes tdata.

The valueL itself is not a goodness-of- t measure; however, the ratio of like-
lihood values for di erent models (used to t the same data) can besed to reject
one model over another (e.g., the LRT as described in Section 3.5h practice, it
is often easier to cast a maximum likelihood technique as a problem of mnnizing

log(L). As such, the likelihood function and tting techniques described &low
will generally deal with these values and not the likelihoods themselves

While the likelihood function for a given set of model parameters andbe
served pro les can be written analytically (see Section 6.1) the multdimensional
likelihood surface itself is quite complex and does not easily lend itself &ofunc-
tional form. Markov chain Monte Carlo (MCMC) methods are desigreto map out
unknown distributions and lend themselves nicely to maximum likelihoodrpblems

(e.g., Verde et al., 2003).

6.1 Likelihood Function

Poisson likelihood is used to describe experiments in which a certain rtuen of
events are expected to be observed in a given amount of time. Inrpeular, the
likelihood of observingx events (forx a nonzero integer) at a rate is given by
Eqg. 6.1. n 0

X exp

L= ——— (6.1)

188



This likelihood statistic is well suited to gamma-ray pulsar light curvesWith
Poisson likelihood, the uncertainty in the data valuex is P x (for x 1).

The radio pro les, however, do not consist of integer counts andtis Poisson
likelihood is not applicable. However, a ? statistic can be used to t the radio

pro les and turned into a likelihood, Eq. 6.2, using Wilks' theorem (Wilks 1938).
log( L) = 05 2 (6.2)

When using Eg. 6.1 the likelihood is maximized by tting the parameter .
For the gamma-ray light curves, it is assumed that the counts in eagphase bin
follow Poisson statistics and the value of for each bin corresponds to the value of
the model light curve on top of a constant background.

At rst, this seems to be a problem with many variables to t when tt ing
a typical light curve with sixty bins. However, the problem simplies wken one
recognizes that the individual model bin values are not independenin fact, they
must maintain a xed ratio with respect to one another, a relation wich can be
exploited to simplify the likelihood maximization to a problem of optimizing oe
variable (two when including the radio pro les) as shown in Eq. 6.3.

n (0]
Y 1(c; + b )% exp (c; +b)

d,!

log(L ) = log (6.3)

i=0
For each light curve bin (from 0 to N-1) thei® gamma-ray datum value is
represented byd . , the background estimate byb , and the model value byc

for some reference bin such that 6 0 with c; i=
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The radio pro les are handled in a similar manner as indicated by Eqg. 6.4.

0glLe) = 22 T (R the) ey (6.4)

0:5X
R

For each bin (from 0 to M-1, with M N) the i"" radio datum value is repre-

sented bydg, the background estimate bybk, the error used for each radio bin is
r, and the model value bycg,;R for some reference bin such thatR 6 0 with
Crii Ri=R .

In order to balance the relative contributions from the gamma-raynd radio
light curves to the total likelihood (L = L Lgr), r has been chosen to be the
average gamma-ray relative uncertainty in the \on-peak” regionitnes the maximum
value of the radio light curve. In cases where the radio pro le has m® bins than
the gamma-ray light curve g is divided by the ratio of the radio to gamma-ray bin
numbers.

While this approach does simplify the likelihood maximization, it also requas
that the model and observed pro les have matching numbers of 8n As detailed
in Chapter 5, both the radio and gamma-ray model light curves areegerated with
180 bins in phase which means that the observed light curves must bi@aned such
that N and M are both integer divisors of 180. This results in a loss ohe structure

for the radio pro les but this would not be signi cant given the valuesof g chosen

for this study.
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6.2 Markov Chain Monte Carlo

As there is no clear functional form for the likelihood surface in the odel parameter
space, only an equation to calculate the likelihood for a given paraneetstate, it is
not possible to analytically solve for the maximum. However, as mentied above,
MCMC techniques are designed for problems which involve sampleswrafrom a
distribution which can be calculated at discrete points but for which & analytic
expression is not known.

A Markov chain is a series of parameter states which have the Makkproperty
(Markov, 1906), namely, the probability of the { + 1) state being added to the
chain only depends on thé™ state. An MCMC involves taking random steps in
parameter space, based upon a proposal distributioR4e,), where the step is taken
or not based on a speci ed acceptance criterion.

A commonly used acceptance criterion in MCMC maximum likelihood analigs
is the Metropolis-Hastings algorithm (Hastings, 1970) which useseHikelihood ratio
of consecutive steps to determine whether or not a step is addeal the chain. In
particular, let the current parameter state in the chain bex with likelihood L. Let
the proposed parameter step b&° with likelihood L% Using the likelihood ratio

L %L the step is added to the chain if v, Eq. 6.5, is greater than a random

number 2 [0;1).

Pstep(qu) :

min SR 7.
Pstep(Xjx9

MH (6.5)
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In Eq. 6.5, Psiep(Xjx9 denotes to the probability of going fromx to x°. In the
event that Pgep is symmetric (i.e.,Pstep(XjX9) = Psiep(XJx)) these quantities cancel
and this reduces to the Metropolis method (Metropolis et al., 1953).

This type of acceptance criterion has the positive aspect that it narally moves
towards maxima of the distribution in question but does provide somprobability
of taking a step to a state where the distribution has a lower value wth allows the
chain to more fully explore the parameter space. For a multi-modaistribution this
does run the risk of the chain spending long times in local maxima whichrtlead to
poor mixing (i.e., not fully sampling the parameter space) and low accimce rates
(i.e., rejecting many steps between each accepted step). Two imeds to mitigate
this issue and a test for convergence are described below.

Note that it is necessary to undergo an initial burn-in period, which ses the
same proposal distribution and acceptance criteria, but for whicho steps are added

to the chain. This is done to remove any dependence on the initial @aneters.

6.2.1 Small-World Chains and Simulated Annealing

Preliminary pro le scans of the - plane for xed gap width demonstrated that
the likelihood surfaces for the MSP light curve ts can be very multi-radal (e.qg.,
Fig. 6.1); thus, it was clear that steps needed to be taken while desigg the
MCMC light curve tting to ensure good acceptance and mixing. This Bs been
done through the use of small-world chains (Guan et al., 2006 and Gu& Krone,

2007) and simulated annealing (Marinari & Parisi, 1992 and Guan & Kree, 2007).
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Figure 6.1 Example of a likelihood surface for preliminary tests of the
likelihood function for PSR J0034 0534, gamma-ray t only, the color
scale gives the log(L) for that geometry assuming a gap width of 0.05.
The black triangles near (, ) = (0 ,0) and for Oand & 60
represent viewing geometries which result in no visible emission. Note
that there are several local minima.

The small-world chains approach involves combining a local step, ondigh
decays exponentially, with a probability 1 s and a global step, one which decays
as a power law, with a probabilitys. Such a proposal distribution results in the
MCMC occasionally taking a very large step in parameter space whichrcfacilitate
moving away from a local maximum.

For the MCMC results presented in Chapter 7, the proposal distriltion draws
trial and parameters using a small-world chain step consisting of a narrow

Gaussian combined with a wider Lorentzian, see Eg. 6.6 and Fig. 6.2.
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Figure 6.2 Example of the small-world chains step distribution with
s=1/5, Gaussian width ( ) of 4 , Lorentzian width (w) of 16 , and cen-
tered at Xxo = 32 . The red dashed line is the Gaussian component and
the blue dashed line is the Lorentzian. The solid black line is the com-
bined function as given in Eg. 6.6 and the black points are from the
scipy.stats.rvcontinuous realization of this distribution demonstrating
the delity of the implementation.

n (X X )20

1 1
P(X;Xo0)=: step = (1 S)F’ﬁexf) 2 ° S

%@ (6.6)
While a small-world chain step is useful for fully exploring the phase-ape, it

IS not su cient for cases where the local maxima rise steeply and tilsithe large steps

are rarely accepted due to low likelihood ratios. In such cases, sinteld annealing

is a useful method of leveling the distribution in order to make accepg steps more

likely by e ectively introducing a temperature to the distribution.
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Instead of using the distribution in questionf (x), to calculate = f (x%=f(x)
in Eq. 6.5 one instead usek;(x) f (x)¥ with t 2 f 1;2;::;ng. For high values of
t, a hot distribution, the local maxima are smoothed down which makesccepting
a new step more likely.

After updating the current step using the modi ed form of Eqg. 6.5,0ne then
updates the temperature if vy, EQ. 6.7, is greater than a random number

2 [0;1).

fro(x)a(t)p(t9t) .
e N E Ol G ©7)

In Eq. 6.7, q(t) is the auxiliary probability of temperature t and p(tjt9 is the

probability of transitioning from temperature t to t°which is equal to 1 ift 2 f 1;ng
and 0.5 otherwise.

Example chains for di erent values ofT are shown in Fig. 6.3. Note that all
three chains have included steps near the best- t geometry (blwesterisk) but that
the chain with the highestT (bottom) spends little time exploring that region. The
chain with the lowest value ofT explores the region near the best-t very well but
does not stray far from it, if this chain were to have started in a lodanaxima it
would take a long time to get out of it. The middle plot has a more reasable
value of T such that the region around the best-t is well explored but the chin
also samples the surrounding phase-space well.

One of the main appeals of choosing the best- t model via a maximum &k
lihood analysis is to provide con dence contours in viewing geometrysde Sec-

tion 6.2.2). For the light curve ts presented in this thesis con dene contours
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Figure 6.3 Accepted (, ) steps for 3 chains (post burn-in) with di erent

T values. Chains start at red diamond, steps proceed black to greegn

red to blue, best-t is shown as a blue asterisk. The units of the age
are degrees. 196



are generated by marginalizing over the other t parameters. Hasver, while simu-
lated annealing does not change the likelihood distribution it does hagesigni cant
impact on the con dence contours. Larger values &f will include parameter states
with lower likelihood values more frequently, compared to using a smallealue of
T, and thus widen the con dence contours. Therefore, care sHdube taken when
choosingT in order to strike a reasonable balance between having swift comptibn

times and meaningful con dence contours.

6.2.2 Convergence and Con dence Contours

The light curve ts presented in Chapter 7 are from MCMC analyses ansisting
of either 8 or 16 chains (the larger number being used for altitude-lited models
which have larger parameter spaces) consisting of 12,500 stepshed his was done
in order to Il out the tails of the con dence contours and to ensue that the chains
had converged. Convergence was veri ed using the criterion of IB&an & Rubin

(1992) as described by Verde et al. (2003) and outlined below.

For a given parameterx (i.e., , , etc.), this convergence criterion involves
comparing two estimates for the variance of the distribution as repsented by the
last half of the parameter states in each chain. Let the number ofeps in each
chain beNgep, and the number of chains beN chain -

To start, the average value ok within the j™ chain is calculated as
i = (Ngep=2) ! P ij‘ﬁfstep .1 Xi- Next, the average of the individual chain

: P N v s
averages is calculated as = N5, j'\';;a'“ i
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Using the individual ix/i values andx, the variance between chainsg) and

the variance within chains W) are calculated using Eqgs. 6.8 and 6.9, respectively.

1 ’\Xhain ]
B= —— (Wi x)? (6.8)
j=1

1 %ain %IED

W = (x} hxii)? (6.9)
Nchain (Nstep=2 1) i=1 i=(Nawep =2+1) |

If the distribution is stationary, the variance can also be estimatedising
Eqg. 6.10, note that this will be an overestimate if the distribution is nbstationary

(Verde et al., 2003).

V = (Ngep=2 1)=(Ngep=2) W + B(1 + 1=Ncpain) (6.10)

The convergence criteria is the ratidR = V=W. Gelman & Rubin (1992)
recommend running the chains untiR < 1.2 while Verde et al. (2003) recommend
a more conservative upper limit of 1.1. For the number of chains andeps given
above, the MCMC ts presented in Chapter 7 satis ed both convegence criteria
with typical variance ratios of 1.0.

Another advantage of the MCMC technique for maximum likelihood esha-
tion is the ability to produce con dence contours in some sub-set tiie parameters
marginalized over the remaining parameters. To do this, the;( ) pairs for each
step in the chain are collected in a 2-D histogram. From this histogranthe con -
dence contours are constructed for 39, 68, and 95% con derlegels corresponding
to 1, 1.5, and 2.5 con dence levels for 2 degrees of freedom, respectively. Fig. 6.4
presents an example of such marginalized contours for TPC ts to$R J2017+0603
as described in Cognard et al. (2011).
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Figure 6.4 Marginalized - con dence contours from a TPC tto PSR
J2017+0603 using the data in Cognard et al. (2011), color scale rep
sents number of times a given (, ) pair were in an accepted parameter
state in the chain. Colored contours indicate 39% con dence leveie(),
68% (yellow), and 95% (green). White dashed lines indicate the best-
solution. The t in the left panel used T = 10 while that in the right
panel usedT = 20.
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To demonstrate the e ect of T on the marginalized contours the left panel of
Fig. 6.4 corresponds to a t with T = 10 while the right panel is from a t to the
same data withT = 20. The color scales in Fig. 6.4 have been matched in order to
demonstrate the di erence in time spent near the best- t solutiorfor di erent values
of T. Note that the best- t solution did not change between the two ts though a
very large value ofT may result in the MCMC not nding the same best- t solution
as the chain will spend too much time in parameter states with low likelirod.

There are some instances for which the marginalized con dence tmnrs do
not agree well with the best-t geometry. In particular, if the bes- t geometry is
right on the edge of the allowable parameter space (i.e., going a little ygain one
direction leads to one or both pro le components not being seen) ¢h trial steps
will often be to disallowed states which means they are not acceptedhus, the
marginalized contours will be highly skewed in the opposite direction.

Additionally, constraining 90 and < 90 can adversely aect the
contours when one, or both, of the parameters is near the bowarg. In particular,
if the proposed step is over the boundary the value is re ected dat¢o an allowed
state. This leads to con dence contours which should be symmetiacound the best-
t value being skewed such that the peak of the con dence contesiis displaced from

the best- t geometry.
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6.2.3 Emission Altitude Likelihood Pro les

In order to address the uncertainty in predicted emission altitudefom ts using
the alTPC and alOG models, a pro le likelihood method was used. This miebd
involves nding the lowest log(L) value in the resulting chains for a given emission
altitude and comparing this to the overall minimum. Dierences in log(L) of 0.5
and 1.92 correspond to 1and 2 uncertainties, respectively, for 1 degree of freedom.

Inspection of the likelihood pro les, see Fig. 6.5, implied that most 1uncer-
tainties (but not all) were . 0.1 R ¢. Therefore, for the best- t values reported in
Chapter 7 the 2 con dence intervals are quoted. It is clear, however, that ner
resolution in emission altitude is warranted.

Using the uncertainties derived from this method does assume thtte pa-
rameter subspace with the emission altitude in question xed at theigen value has
been explored su ciently to nd the overall minimum. Near the best-t value this
should be the case as, compared toand , the emission altitudes can take on a
relatively small number of values and, as discussed in Section 6.3, tb&al number

of steps in the nal chain is large.

6.3 Implementation

The model light curves from simulations described in Chapter 5 are\a as ROOT

1-D histograms with model speci ¢ speci ers in the |le names in ordeto facilitate

1See http://root.cern.ch/drupal/ for documentation.

201



PSR J0034-0534 alTPC
FT T T T T T T T 17

49

w
P

-Din(like)
-Din(like)
-DIn(like)

N
—

10

R T

| | | | | |
01 02 03 04 05 06 07 08 O! 03 04 05 06 07 08 09 1 11 1.
r

Rl (R ) Rhax (R )

Figure 6.5 Likelihood proles corresponding to alTPC ts to PSR
J0034 0534 as described in Venter et al. (2011). The likelihood pro-
le for R, is shown in the left panel, for R, in the middle panel,
and for RR_ in the right panel. The solid black lines are only drawn to
guide the eye and do not represent the actual likelihood surfacetiveen
the black points. Below the red dashed line denotes on dence while
below the blue dashed line denotes 2con dence.

automated access by the MCMC code. Additionally, the MCMC relies lagily upon
the scipy? python module.

The starting parameter state is chosen at random and the MCMC pceeds
without recording steps until a speci ed number of burn-in stepsdwve been accepted
(50 for TPC, OG, and PSPC models and 100 for alITPC and alOG models)he
code nishes when a speci ed number of steps have been accepie@dnd recorded
in the chain.

The MCMC parameter space for TPC and OG models consists of , phase
shift (), and rove "> with ranges given in Table 5.1. While the simulations do

calculate from O to 180, the tting restricts this range to be < 90 as the

2See http://docs.scipy.org/doc/ for documentation.
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generated light curves for 90 are identical to those< 90 but shifted by 180
in phase. The variable is the number of bins to shift the model light cuves in
order to account for the fact that the de nition of phase = 0 in the simulation is
not, necessarily, the same as that used to produce the obseryed les. The PSPC
MCMC parameter space only consists of, , and .

The alTPC and alOG model parameter space contains that used fdng stan-
dard TPC and OG models with the addition of Rnin=max a@s described in Chapter 5
with ranges given in Table 5.1. There are two R, and Ry parameters for each
t, one for the radio and one for the gamma rays, and there are sitarly two sets
of rMin and rMa  allowing for the gamma-ray and radio emission regions to have
di erent gap widths.

The proposal distribution uses small-world steps (Eq. 6.6) in and , both
with Gaussian width ( ) of 4 and Lorentzian width (w) of 20 and with s = 1/5.
The small-world step distribution is made using thescipy.stats.rvcontinuous class
for which the probability and cumulative distribution functions are syplied. The
black points in Fig. 6.2 demonstrate that delity of this implementation Steps in
are chosen from a Gaussian with = 4, rounded to the nearest integer to account
for the binned nature of the light curves, using thescipy.random.normalfunction.

The r" and rM® parameters are chosen at random with a uniform probabil-
ity. In particular, for these parameters a list is made of the possiblalues and one
of these is chosen at random using thecipy.random.randint function.

The code veri es that the selected combination is valid. A valid paranter
state will have rmin rowe with the additional requirement for OG/alOG models

ovc ove
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that (rmax pmin 0:5(1:0 rJ&) based on requiring realistic sizes for the emission
layer as discussed in Chapters 2 and 5.

This type of random walk proposal distribution can lead to long convgence
times as discussed below. However, given the relatively small numloéipossibilities
for these two parameters with the current, coarse resolution ¢hrandom walk is not
expected to a ect the convergence time greatly.

For the alTPC and alOG models, initial analyses used a random walk to abse
New Ryin-max parameters as was done for thelye ™ parameters. However, upon
examination of the likelihood pro les for these parameters it was cleahat the
parameter space near the best- t values was not being fully expkxt. Therefore, a
Gaussian step with = 0.1 R, ¢ was implemented, rounding to the nearest simulated
value.

This was found to not only speed up the convergence and tightenetttontours
(see Fig. 6.6) but also allow the MCMC to nd a slightly better solution asthe
chain could more fully explore the parameter space near the minimuniNote that
the best-t in the right panel of Fig. 6.6 only changed by 1from that in the right
panel when going from a random walk to a more local step inR=max While the
radio emission altitudes changed signi cantly. Similar to steps in , theRnyin=max
steps are chosen using thecipy.random.normalfunction.

After the parameters have all been updated a check is made to are that
the new step is not exactly the same as the previous step, in the exhely unlikely
event that this occurs new trial parameters are chosen. For daproposed step the

model light curves are accessed and a check is made to ensure tigther model
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Figure 6.6 Marginalized - con dence contours from a TPC tto PSR
J0034 0534 using the same dataset as Ackermann et al. (2011), color
scale represents number of times a given,() pair were in an accepted
parameter state in the chain. Colored contours indicate 39% conethce
levels (red), 68% (yellow), and 95% (green). White dashed lines indiea
the best-t solution. The t in the left panel used a random walk to
choose new emission altitudes while the right panel used a Guassian
distribution.
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is empty, i.e. to make sure that both radio and gamma-ray emissioneawisible. If
one or both models is empty a new proposal step is chosen.

Once an acceptable proposal step is found, the models are rebohite match
the data (N bins for the gamma-rays and M for the radio such that M N). The
model light curves are then rescaled to integrate to the same vatuas the data
pro les in order to provide a good starting point for optimization of the model
normalizations. A reference bin is chosen for both models (and R in Egs. 6.3
and 6.4), the models are shifted bins ( M/N for the radio), and then the ratios
C. andcg; are calculated.

In order to calculate the best likelihood value for a given parametetage, the
model normalizations must be optimized to obtain the best- t possile to the data.
To do this, the scipy.optimize.fminl_bfgsb multi-variate, bound optimizer (Byrd et
al., 1995 and Zhu et al., 1997) is used to nd the minimum log(L) with those
speci ¢ parameters.

The radio and gamma-ray model normalizations are e ectively optimed sep-
arately as the corresponding contributions to the likelihood are ingendent. In
order to increase the speed of the optimizer, it is useful to supplygradient func-
tion. The gamma-ray and radio components of the joint log likelihoodrgdient are
given in Egs. 6.11 and 6.12, respectively. For optimization, the varids andR
are constrained to be 0 and to increase precision the optimizer inputs \factr* and

\pgtol" are set to 1 and le-7, respectively.

dilogL )] _ X yici(@d;i (c;i +b))
d =0 C:i +b

(6.11)
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drR B

The MCMC continues following the prescription described above andhe -
nal chain is output as a FITS le. The resulting chains are merged, etcked for
convergence, and the parameter state corresponding to the ximaum likelihood is
reported.

It is not possible to use the LRT (described in Chapter 3) to evaluaterhether
or not one model can be preferred over another based on the nmaxm likelihood
values. The models can not, strictly speaking, be thought of as med which means
that the idea of null and trial hypotheses is ambiguous.

One is left with the option of simply comparing the di erence in logL values
and making general statements regarding how strongly one modelpreferred over
another (or not). In particular, a di erence of 10 in logL suggests that there is
a di erence of exyg 10g 22 10° between the probabilities that a given model
describes the data. However, this argument does not considelyaystematic issues
in the tting technique.

In particular, the TPC and OG models predict very di erent levels of o-peak
emission which means that the estimated background level in the LAGamma-ray
light curves can strongly a ect the likelihood values. A backgroundstimate which
is too high will systematically disfavor TPC models while an estimate whicls too
low will systematically disfavor OG models. Likelihood ts of the same MBS light
curve with gamma-ray background levels dierent by 1-2 countsfin can lead to

changes in logL for a given model by as much as 5-6. Therefore, when discussing
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the ts in Chapter 7, a model is said to be somewhat preferred if the logL is
smaller by 15. The method by which the gamma-ray background estimates heav

been determined is discussed in Chapter 7.

6.4 Conclusions

As will be seen in the next chapter, there are many advantages teing maximum
likelihood to determine the best-t parameters from geometric lightturve models.
However, there are also some pitfalls.

Use of maximum likelihood allows for the creation of meaningful con dee
intervals and, potentially, for one model to be favored over anoén. While a trained
eye can guess the approximate geometry which will t the observdiht curves it
can be di cult to sift through all possibilities when using a resolution ofl in both

and . Additionally, use of the MCMC allows for the discovery of unexpecte
solutions.

The likelihood is, by de nition, tied to the model used to describe the aka.
Therefore, any inadequacies in the model will strongly a ect the lation of the
best- t geometry. In particular, the radio light curves of MSPs wihout aligned
pro les are only t with a hollow-cone beam model. For those MSPs whicdisplay
evidence for a core component the likelihood may try to t part of te cone beam
to this component and thus skew the geometry. Additionally, the erssion height
of the cone beam is taken from an analysis of the pro les of non-g@ted, longer

period pulsars (Kijak & Gil, 2003). If this model does not apply equallyvell to
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MSPs it can be dicult to t the observed pro les at the true geometry. Even for
MSPs which have no evidence of core emission the observed pro las be quite
complex and may require multiple cone beams.

The convention adopted here for choosingg serves to mitigate some of the
issues outlined above. In particular, by balancing the likelihood conbutions of the
gamma-ray and radio light curves the best- t solutions should be stingly in uenced
by getting the gamma-ray shape correct. At the very least, theon dence contours
will be widened such that regions which t the gamma-ray pro le well & included
with high con dence and thus future constraints from radio and Xray observations,

along with improved radio models, will serve to narrow in on the true genetry.
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Chapter 7

Results

With 13 months of data, pulsations from nine gamma-ray MSPs had beermly
detected with the LAT. With more than one year of additional data aad new MSPs
detected in radio searches dfermi LAT unassociated sources (e.g., Ransom et al.,
2011; Cognard et al., 2011; Keith et al., 2011) the number of detect MSPs has
grown to &20, see Table 7.1. The light curves of nineteen gamma-ray MSPs have
been t using the simulations described in Chapter 5 and the MCMC mamum
likelihood procedure described in Chapter 6. The results of theses tare discussed

below.

7.1 Analysis Setup

For each of the MSPs in Table 7.1 the gamma-ray light curves were bructed by
selecting \Di use" class events, as de ned under the P6 IRFs, firo the rst 2 years

of LAT sky survey having reconstructed directions within 0.8 of the radio position;
reconstructed energies from 0.1 to 100 GeV; and zenith angle$05 . Additionally,
the LAT ST gtmktime was used to exclude time periods when the rocking angle
of the spacecraft exceeded 52when the DATA_QUALITY ag was set to zero, or

when the LAT was not in standard science mode (i.e., LACONFIG 6 1).
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Table 7.1.

LAT Detected Gamma-ray MSPs

JName I:)obs (ms) I:lobsa(:l-o Pss 1) obs (MHZ)
JO030+0451 4.8655 1.0169 1400
JO0034 0534 1.8772 0.26300 324
J0218+4232 2.3231 7.7393 1400
J0437 4715 5.7575 0.6600 3000
J0613 0200 3.0618 0.5300 1400
J0614 3329 3.1487 1.7548 820
J0751+1807 3.4788 0.6000 1400
J1231 1411 3.6839 2.2799 820
J1614 2230 3.1510 0.4000 1500
J1713+0747 4.5700 0.8530 1400
J1744 1134 4.0745 0.7000 1400
J1823 30214 5.4400 340.0 1400
J1902 5105 1.7424 0.9000 1400
J1939+2134 1.5578 10.51 1400
J1959+2048 1.6074 0.7850 300
J2017+0603 2.8962 0.8300 1400
J2124 3358 4.9311 1.2000 1400
J2214+3000 3.1192 1.4011 820
J2302+4442 5.1923 1.3300 1400

H Test Value?

1793.3
76.7
113.7
473.6
387.8
1963.3
1111
1719.6
72.7
44.8
93.7
60.5
140.2
23.1
56.3
256.5
347.4
112.4
429.9

2Values have been corrected for the Shklovskii e ect.

bValues correspond to 2 years of di use class events with energies0.1
GeV and within 0 :8 of the pulsar radio position.

¢Events taken from within 0 :5 of pulsar radio position.

dEvents with energies 0.5 GeV used.
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The Htest value (De Jager et al.,, 1989), derived using thEermi LAT ST
gtptest for each MSP with these selection criteria is given in column 5 of Tablel7

The timing solutions were provided from radio observatories arourtie world
under the PTC agreement (Smith et al., 2008). The pulse phase foadh event
was calculated using the radio timing solutions for the correspondingSP and the
TEMPO2?! (Hobbs et al., 2006) fermi plug-in written by L. Guillemot. This tool
applies the necessary time corrections (Eqg. 2.8) and then calculatine phase from
the input pulsar parameters (eq. 2.7). Note that the phase calculans and time
corrections discussed in Chapter 2 were very simplistic and did notaint for other
t terms which can be used to remove timing noise (though that is coparatively
minimal in MSPs) which do not, strictly speaking, represent physicafjuantities.
The fermi plug-in accounts for all of these factors, see Guillemo2@09) for more
detail concerning additional timing t parameters.

The spin periods and radio frequencies used to generate the simidas to
which the MSP light curves were t are given in Table 7.2. The estimatedadio and
gamma-ray background levels are given in columns 4 and 5. The radiocertainties
in column 7 were estimated using the prescription described in Chapté and the
on-peak intervals given in column 6.

As noted at the end of Chapter 6, it is important to properly estima¢ the
gamma-ray background level in order to minimize systematic biases the light
curve ts. Therefore, the gamma-ray background estimates g in column 4 of

Table 7.2 are derived using the LAT STgtsrcproh

Ihttp://tempo2.sourceforge.net/
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JName

J0030+0451
J0034 0534
J0218+4232
J0437 4715
J0613 0200
J0614 3329
J0751+1807
J1231 1411
J1614 2230
J1713+0747
J1744 1134

J1823 3021A

J1902 5105
J1939+2134
J1959+2048
J2017+0603
J2124 3358
J2214+3000
J2302+4442

Table 7.2. MSP Simulation and Fitting Parameters

Psm (MS)  sm*MHz) b (counts)
5.0 1400 359
15 NA 335
25 1400 601
5.5 3000 386
3.5 1400 1137
3.5 820 411
3.5 1400 433
3.5 800 498
3.5 1400 1405
4.5 1400 812
4.5 1400 2518
1.5 NA 1975
15 NA 746
15 NA 7364
15 NA 1937
2.5 1400 827
4.5 1400 537
15 NA 558
5.5 1400 908

br
0.0
1.365
0.1
0
0
0.023
0.0931
0.0863
0.2
0.024
0.083
0.2995
0.0
0.0023
3.839
0.335
0.0
0.0268
0.5494

On-Peak
[0.12,0.65]
[0.0,0.33D.9,1.0]
[0.16,0.90]
[0.28,0.56]
[0.05,0.45]
[0.0,0.3/).52,0.95]
[0.4,0.73]
[0.22,0.78]
[0.2,0.84]
[0.14,0.53]
[0.0,0[1[8).43,0.63] [0.8,1.0]
[0.0,0.06D.57,0.7] [0.9,1.0]
[0.0,0.76]
[0.0,0.8%0.5,0.77] [0.86,1.0]
[0.0,0.7]
[0.3,0.7]
[0.72,1.0]
[0.0,0.230.33,0.7] [0.84,1.0]
[0.27,0.72]

R
0.057
3.397
0.593
1.899
6.769 *
0.1195
0.610
0.294
0.248
0.259
3.652
1.345
0.262
0.027
12.53
0.6337
0.057
0.171
2.326

aFor the phase-aligned MSPs the radio frequency does not enterarthe simulations.

bThe radio uncertainty used is 1/3 the normal estimate as the singledio peak is very sharp and the tting
routine did not give it enough signi cance with larger error estimates



Using a spectral model for the sources and background compoisein a given
ROI, gtsrcprob calculates the probability that a given event came from a given
source. For eventi observed at timet with reconstructed energyE? and direction
on the sky @, gtsrcprob calculates the probability of that event being associated
with sourceK asPg; = MK=P ; Mj, where the indexJ runs over all sources
in the model andM; is the likelihood source model as given in Eq. 3.18 (Chiang,
2010).

An enhanced pulsation search technique using such spectrally dedvevent
probabilities has recently been proposed by Kerr (2010) to increathe LAT pulsar
sensitivity. The e ectiveness of this method has been demonsteat for the MSPs
J1939+2134 and J1959+2048 by Guillemot et al. (2011).

To derive the gamma-ray background estimates in Table 7.2, the eweprob-
abilities were calculated using spectral information from a preliminaryersion of
the 2 year Fermi LAT catalog (Abdo et al., 2011b; 2FGL) using the updated
P6_V11 DIFFUSE IRFs. The 2FGL catalog uses source nding and analysis rite
ods similar to those described in Abdo et al. (2010h) for the 1 year DTAcatalog
(1FGL) with several improvements. Among the improvements ovethe 1FGL cat-
alog is the use of exponentially cuto power law models for the speetrof known
gamma-ray pulsars. Note that the background estimate for the 8P J1902 5105
(Camilo et al., 2011) comes from an indpendent reanalysis of the soeirregion as
gamma-ray pulsations had not yet been detected when the preliminya2FGL anal-

ysis was done.
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The P6.V11 DIFFUSE IRFs include a corrected description of the LAT PSF
using on-orbit observations of bright pulsars and AGN (Roth et al., @L1). This
analysis demonstrated that the LAT PSF was larger above 10 GeV than pre- ight
expectations. The e ect is seen both in LAT detected AGN, bright plsars, and
pulsar wind nebulae suggesting that it is truly an instrumental artifat. Additionally,
the P6.V11 DIFFUSE IRFs include an updated description of the LAT e ective aea
which corrects for livetime e ects and discrepancies between holwet CTBCORE
(see Chapter 3) probability knob was applied to the data and MC.

Once the event probabilities have been computed, the gamma-ragdikground

PN
i

level in the given ROI is estimated ad» = N Pusp; Where thej index
runs over the eventsN is the total number of events in the ROI, andPysp; is the
gtsrcprob probability that event j comes from the MSP. This formula uses the sum
of the probabilities as a proxy for the source signalS{,.) and equatesN with the
total signal (Si) to calculate the background asS;,;  Sgrc.

In principle, it should be possible to use the full covariance matrix ofhe
spectral t to calculate an uncertainty on the event probabilities vhich could then,
in turn, be used to calculate an uncertainty on the background estate. These
values could also be used to calculate uncertainties for probability igated light
curves, following the prescription of Kerr (2010), to be used in theght curve tting
described in Chapter 6. Howevergtsrcprob does not yet provide such uncertainty
estimates.

Table 7.3 gives the MCMC parameters used for each MSP including theam-

ber of gamma-ray and radio light curve bins, the maximum temperate, the number
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Table 7.3. MSP MCMC Fitting Details

Mrne Nbins NbinSR Ia Nchains Nsteps M

JO030+0451 60 60 30 8 12500 50
JO034 0534 30 30 5 16 12500 100
J0218+4232 30 30 10 8 12500 50
J0437 4715 60 60 10 8 12500 50
J0613 0200 60 60 10(15) 8 12500 50
J0614 3329 60 60 15(20) 8 12500 50
JO0751+1807 30 60 10 8 12500 50
J1231 1411 90 90 20 8 12500 50
J1614 2230 30 60 10(15) 8 12500 50
J1713+0747 15 30 10 8 12500 50
J1744 1134 60 60 10 8 12500 50
J1823 3021A 60 60 10 16 12500 100
J1902 5105 30 30 10 16 12500 100
J1939+2134 30 30 20 16 12500 100
J1959+2048 60 60 25 16 12500 100
J2017+0603 60 60 10 8 12500 50
J2124 3358 60 60 10 8 12500 50
J2214+3000 30 60 15(20) 16 12500 100
J2302+4442 60 60 10 8 12500 50

alf two values for T are given the value in parentheses applies to
the OG (alOG) model t.

of burn-in steps, chain steps, and chains. For those MSPs t withdith TPC and
OG (or alTPC and alOG) models the same value of was used in most cases. How-
ever, the OG (alOG) models were found to occasionally require highexlues ofT to
nish in a reasonable amount of time. For those cases in which di erémaximum
temperatures were used, the TPC (alTPC)T is given as normal in column 4 of

Table 7.3 and the OG (alOG)T is given in parentheses.
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7.2 Results

The best- t parameters for MSPs t with TPC and OG models are giva in Ta-
ble 7.4, for MSPs t with the PSPC model in Table 7.5, and for MSPs t with
the alTPC and alOG models in Table 7.6. The best-t light curves, margialized
contours, and simulated emission phase plots for all MSPs are givenAppendix A
along with brief historical information. In Tables 7.4 and 7.6 the gap withs for each
model type are as de ned in Chapter 5, values of zero gap width anephysical and
should be taken to mean that the true, best- t gap width is less tha the simulation
resolution of 0.05. When considering the predicted viewing geomes;ehe reported
value of = Z should be taken to mean 2 [Z;Z + 1) as this re ects the manner
in which simulated phase plots are binned.

Error estimates are given for and taken from analysis of the marginalized
con dence contours in Appendix A. Note that, in some cases, the Icon dence re-
gions (39% probability for 2 degrees of freedom) are not simply caruted and, thus,
the error estimates provided in Tables 7.4, 7.5, and 7.6 are somewlog@timistic.

Additionally, as discussed in Chapter 6 there are cases where thesbe ge-
ometry is not encompassed by all of the marginalized contours. Rirose cases the
viewing geometry errors given are quite large to be conservativetltibeir signi cance
is not well de ned.

In all cases, the and uncertainties provided in the tables should be taken
as approximations and comparisons with radio and X-ray constraistshould use the

marginalized contours.
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Table 7.4.

TPC and OG Best-Fit Results

JName log(L) () () W ( pc) f c dof
TPC:
J0030+0451 356.8 736 579, 0.050  0.05 1.1%3% 6895 114
J0218+4232 1155 24 8% 0.033 0.10 1863 684 54
J0437 4715 206.8 287 65% 0.033  0.05 0.89322 2478 114
J0613 0200 231.6 57 42 3 0067 005 091020 1824 114
JO614 3329 469.4 8B, 769 -0.450 0.10 1.0%% 677.2 114
J0751+1807 160.7 6%, 737, -0.233  0.00 0.745 180.6 86
J1231 1411 4652 24 69 1 0.078  0.00 05§52 747.8 174
J1614 2230 146.1 22° 71"% 0.100  0.00 052,52 1156 84
J1713+0747 56.7 2% 65 0.033  0.00 060% 255 41
J2017+0603 199.3 I1I# 687, 0.117  0.00 0495, 1258 114
J2302+4442 265.4 59 46 7 0.183  0.00 09832 2354 114
OG:
J0030+0451 3209 819 66% 0.000 0.00 1.08%5 4413 113
J0218+4232 199.6 78 32*18% 0.167  0.00 1.0‘:&,??57{ 2431 53
J0437 4715 228.3 724 44% 0.033  0.10 0.7*4’0532 274.1 113
JO613 0200 2486 63, 30 0.033  0.00 0782 2105 113
JO614 3329 634.6 4B} 88 2 0.067 0.00 0.870.10 1185.0 113
J0751+1807 1554 6%, 739, -0.233  0.00 0.5436 1635 85
J1231 1411 487.1 82, 65%, 0.100  0.00 11835 536.6 173
J1614 2230 142.8 23%? 78;%2 0.100  0.05 o.g%g‘é 115.7 83
J1713+0747 54.9 73% 0.003  0.10 0.385% 20.6 40
J2017+0603 196.0 1# 68% 0.117  0.00 0.3Gj; 101.8 113
J2302+4442 266.9 645 38% 0.183  0.00 0.982> 2294 113
Table 7.5. PSPC Best-Fit Results

JName logl) () () _ f _~_dof

J1744 1134 226.7 % 857, 0.033 1.04%% 1104 115

J2124 3358 297.6 23 20" -0.017 0.50,% 3656 115

218



6T¢

JName
alTPC:
J0034 0534
J1823 3021A
J1902 5105
J1939+2134
J1959+2048
J2214+3000
aloG:

J0034 0534
J1823 3021A
J1902 5105
J1939+2134
J1959+2048
J2214+3000

log(L)

89.0
175.0
126.6
129.5
2145
120.8

103.4
168.2
127.7
133.6
219.1
157.7

Table 7.6.

-0.267
0.483
-0.100
0.433
-0.483
0.140

-0.267
0.467
0.133
0.433
-0.467
-0.367

alTPC and alOG Best-Fit Results

W (pc) WrR( pc) Rmax(Ric) RRin (Ric) RRa (Ric)
0.00 0.00 0.90.1 0.5%3 1.0 0.2
0.00 0.00 1.00.1 0.4%:2, 0.9 0.1
0.00 0.10 04,3 0.2%:2, 0.8"%2
0.10 0.00 163 0.7 0.1 1.0 0.1
0.10 0.05 1.20.1 0.8 0.1 1.1 0.1
0.10 0.10 0.80.1 0.2%3 0.6 0.1
0.00 0.00 0.90.1 0.2%:3; 1.293
0.00 0.00 1.10.1 0.3%1¢ 1.1%3
0.00 0.00 1.00.1 0.2%3, 1.29:2
0.05 0.00 123 0.6 0.1 0.9 0.1
0.00 0.00 1.10.1 0.49%3 1.01%:2
0.00 0.00 1.10.1 0.5 01 0.6%3

f

0.547%;01

0.87 0.40

1.51%:%0
o028
7798
0.77%:
. 0:60

0.31°%:30
1.0179:80
o.31+00552’8
peat e
0.85™:
07013
. 0:60

39.3

108.3

89.7
35.3
92.0
83.4

53.2
83.6
97.2
42.4

101.6
184.9

dof

50
110
50
50
110
80

48
108
48
48
108
78




For the best- t emission altitudes in Table 7.6, 2 errors are reported using the
pro le likelihood method described in Chapter 6. For those best- t @lues which are
found at the maximum of the allowed range an upper uncertainty of.0 is reported
but this only re ects the simulation resolution.

Con dence intervals are supplied for the f estimates in Tables 7.4, 7.5, and 7.6.
These are estimated by collecting the festimates from all (, ) pairs in the 39%
con dence marginalized contours. Changes in viewing geometry \w@eiound to pro-
duce a larger spread in f than changes in either gap width or emission altitude.

No uncertainties are reported for the gap widths in Tables 7.4 and 7&, at
best, these can only be constrained to within 0.05 and, given the coarse resolu-
tion of the current simulations, no meaningful constraints can beetived on these
parameters.

Note that none of the uncertainties reported in Tables 7.4, 7.5, arkl6 account
for potential systematics due to inadequacies in the emission modelsissues with
the gamma-ray background estimates.

The last two columns of Tables 7.4, 7.5, and 7.6 give the values and degrees
of freedom (47 ) for each t. The degrees of freedom are calculated by summing
the number of gamma-ray and radio bins and then subtracting theumber of model
parameters including the normalizations of both model light curvesNote that for
each MSP there is at least one t presented for which the? and g4 suggest

reasonable agreement between the model and the data (using theestimates from
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Table 7.2) except for PSR J06143329 for which neither best- t model in Table 7.4
results in a reasonable t.

Example ts are shown in Figs. 7.1, 7.2, and 7.3. Fig. 7.1 shows the data
and best- t model light curves for PSR J0030+0451 (see SectionZ71.1) which has
been t with standard TPC and OG models for the gamma rays and a Himw-cone
beam for the radio. Fig. 7.2 shows the data and best- t model lightwwves of PSR
J1744 1134 (see Section 7.2.1.9) which has been t with the PSPC model fdret
gamma rays and a hollow-cone beam for the radio. Fig. 7.3 shows thatad and
best- t model light curves of PSR J0034 0534 (see Section 7.2.1.2) which has been

t with the alTPC and alOG models for both the gamma rays and the radb.

7.2.1 Comparison With Previous Geometric Predictions

The MSPs J0614 3329, J1231 1411, J2214+3000, J2017+0603, J2302+4442, and
J1902 5105 have only recently been discovered in radio observations oassociated
Fermi LAT sources (Ransom et al., 2011; Cognard et al., 2011; and Camilo et
al., 2011; respectively) and thus no radio polarization measuremsntor geometric
constraints from other wavelengths, have yet been published.

Polarization observations exist for many of the MSPs analyzed hebait the
measurements do not often lend themselves to straightforwared@or constraining
interpretations. Comparison with alternative predictions for the vewing geometries

of the MSPs in Table 7.1, when they exist, are discussed below.
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Figure 7.1 Gamma-ray {op) and radio (bottom) data and best- t model
light curves for PSR J0030+0451 using standard TPC (pink) and OG
(green) gamma-ray models with a hollow-cone radio beam.

7.2.1.1 PSR J0030+0451

PSR J0030+0451 was rst discovered by Lommen et al. (2000) whésa attempted
to produce RVM ts to the polarization measurements in order to costrain the
viewing geometry. Results of the RVM ts depended greatly on thetarting param-
eters and were, thus, non-unique.

However, based on the presence of a radio interpulse (IP, relativeninor peak
separated in phase from the main component by 180 in phase) Lommen et al.
(2000) argued that the pulsar was either nearly aligned or nearly thiogonal. They

presented RVM calculations for =8 with =1 and =62 with
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Figure 7.2 Gamma-ray {op) and radio (bottom) data and best- t model
light curves for PSR J1744 1134 using the PSPC (blue) gamma-ray
model with a hollow-cone radio beam.

= 10 based on \reasonable" agreement with the data and argued thahé¢ data
suggested a large value of.

Bogdanov et al. (2008) modeled the thermal X-ray emission from R0030+0451
assuming a hot polar cap and ruled out the low solution as it would not lead to
the observed, double-peaked X-ray light curve.

Venter et al. (2009) modeled the gamma-ray and radio light curves the

rst 8 gamma-ray MSPs detected with the LAT, including PSR J0030-©451. They
only t MSPs using the TPC, OG, and PSPC models with hollow-cone beamadio

emission and used simulations with 5resolution in . Note that their OG model
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Figure 7.3 Gamma-ray {op) and radio (bottom) data and best- t model
light curves for PSR J0034 0534 using alTPC (pink) and alOG (green)
gamma-ray and radio models.

de nitions were slightly di erent from that described in Chapter 5 of this thesis.
Additionally, the dataset they used was 8.5 months of LAT data which made
identi cation of signi cant features beyond the main peak(s) di cult. Their best-t
geometries were picked out by eye, which tends to favor the HE pless, but were
still able to reproduce the observed pro les remarkably well.

For J0O030+0451, Venter et al. (2009) estimated;( ) = (70 ,80) for a TPC
model with a gap width of 0.10 and ( ) = (60 ,60) for an OG model with an
in nitely-thin gap and emission layer of size 0.05, using the acceleragjngap and

emission layer de nitions given in Chapter 5 of this thesis.

224



The results presented here agree with the radio and X-ray analyssggesting
a large value of though the predicted is higher in both ts. The likelihood
favors the OG model, which does predict a radio IP though this is doneith a
cone beam whereas Lommen et al. (2000) argued that a nearly arjopnal geometry
would suggest that the observed components were from the cammponents of both
poles.

The results presented here favor the OG model but predict nam@r gaps for
this model than that used by Venter et al. (2009), a fact which mayn part be due
to the inclusion of the magnetic eld Lorentz transform (see Sectin5.3) which can
slightly widen the simulated peaks. The TPC values agree well but the values
are quite di erent, likely due to the likelihood seeking to decrease thamount of
0 -peak emission predicted to agree with observations. The situah is reversed
for the OG ts where the values agree well but the predicted values are quite
di erent. In the latter case no obvious factors motivating either alue of are clear
but there may be some di erence between the two ts related to té relatively large

size of the emission layer used by Venter et al. (2009).

7.2.1.2 PSR J00340534

Polarimetric observations of PSR J00340534 have been reported by Stairs et al.
(1999) at 410 MHz. The mean linear and circular polarization amplitudemeasured
were 0 and 18%, respectively. Additionally, no swing of the polarizaticangle was

observed through the peaks.
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The radio pro le of this MSP has been modeled with the alTPC and alOG
models which implies it is caustic in nature. If this is accurate then the &k of
signi cant polarization could be explained as the caustic mixing of di ent polar-
izations at di erent altitudes (similar to the e ects which lead to bright HE peaks)
which washes-out the polarization (Dyks et al., 2004).

Abdo et al. (2010d) modeled the gamma-ray and radio light curves diis
pulsar using methods similar to Venter et al. (2009) and 13 months of LAT data.
Attempts to match the near-alignment of the HE and radio peaks ledhem to
develop the alTPC and alOG models as standard TPC and OG models with a
hollow-cone radio beam could not match the alignment and low-altitudeC models
could not reproduce the correct peak shapes. They found goot for alTPC and
alOG models with gap widths of 0.05 and { ) = (30 ,70) for both. Additionally,
both models useR,,, =0.9, R}, =0.6, and RR_, = 0.8 suggesting that the radio
emission originates near the light cylinder, co-located with the gamnray emission
region.

These models were explored in more detail by Venter et al. (2011) irhieh
the MCMC maximum likelihood tting technique described in Chapter 6 wa used
to t the light curves of PSR JO034 0534 with the 16 month dataset analyzed
by Ackermann et al. (2011), this study also included the Lorentz émsform of the
magnetic eld. They found the same geometry for the alTPC modelsaAbdo et
al. (2010d) with the exception that the width of the radio emission rgion was 0.10
and RR,, was 0.7. The best-t alOG model was found to have = 69 and

=12 . Both emission regions were t with in nitely thin gaps. The extent of the
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gamma-ray emission was the same as that found by Abdo et al. (2@)®ut the
radio region was found to be much more extended wiR},, =0.2 and R}, = 1.1.
The results presented here use more data and an improved methafcestimat-
ing the gamma-ray background level. The alOG t agrees very well wit that of
Venter et al. (2011) while the viewing geometry of the alITPC model moagrees with
what was found for the alOG model. The alTPC model is now found with initely
thin gaps for both gamma-ray and radio pro les with a slightly larger gtent of
the radio emission region. This is likely due to the increase in statisticshweh has
allowed for the gamma-ray peak near a phase of 1.0 to become mosdl-gdle ned
and sharper, driving the t to a lower value of . The likelihood appears to favor
the alTPC model, likely due to the apparent level of o -peak emissionn accord

with what was found by Ackermann et al. (2011).

7.2.1.3 PSR J0218+4232

Polarimetric observations and RVM model ts for PSR J0218+4232 &ve been re-
ported by Stairs et al. (1999) at both 410 and 610 MHz. Applicationfahe RVM
model to this pulsar yielded best- t values of =8 11(15) for the 410(610) MHz
data with unconstrained values of .

The nearly-aligned geometry is supported by the observation ofd@ emission
across nearly the entire pulse phase, with only50% of the ux in the main peaks.
Stairs et al. (1999) comment that the the RVM ts do allow for 90 which

would make this a good candidate for Shapiro delay observations ifnconed.
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Venter et al. (2009) found reasonable ts for PSR J0218+4232 ing) TPC and
OG models for the gamma-ray light curve and a hollow-cone beam madder the
radio. Their TPC model used a gap width of 0.10 and a viewing geometof (; )
= (60 ,60). They used an OG model with an in nitely-thin gap and an emission
layer of 0.05 for a viewing geometry of( ) = (50 ,70).

The TPC model ts reported in Table 7.4 for PSR J0218+4232 agree efl
with the RVM predictions of Stairs et al. (1999) while the OG model vales do not.
The best-t TPC  agrees at the large end of the quoted error range but note that
the marginalized con dence contours do suggest a range ofas low as 20 for the
same value of and as low as 8 for 30. The OG models do not nd
reasonable ts for low values of and those geometries which do reproduce the
observed gamma-ray pro les can not match the wide radio peaks.

When the HE pulsations are taken into account, which are also quiteide and
cover nearly the entire pulse phase, the viability of a largefacilitating Shapiro delay
measurements seems low and no such measurement has been tegbto date.

When compared to the best- t geometries of Venter et al. (2009he geometries
do not agree well but note that they found ts with sharper peakgshan are observed

and were not able to reproduce the width and separation of the raddpeaks.

7.2.1.4 PSR J04374715

PSR J0437 4715 is the nearest known MSP and has been the subject of much

detailed research and speculation concerning its potential HE em@s. Abdo et
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al. (2009qg) rst reported the detection of signi cant pulsed gamra-rays from this
MSP and found it to be a relatively weak gamma-ray emitter when conaped to
other, known HE pulsars (see Table 4 of Abdo et al., 2010c). Neveeless, this
MSP remains a source of interest.

Manchester & Johnston (1995) and Navarro et al. (1997) preded polarimet-
ric observations of PSR J04374715 and noted that the radio pro le is complex.
Both argued that the observation of a high level of circular polarizeon near the
pro le center, which presents a clear sense reversal at the peakgues for a small
value of and is characteristic of emission from a core beam component.

Standard RVM ts of the polarization swing were unsuccessful ahé param-
eters could not be constrained; however, Manchester & Johnget¢1995) did present
RVM curves for =145 (35)and =140 (40 ) which they believed represented
the data well but are not ts and thus provide no actual geometriaconstraints for
the pulsar. More recent observations by Yan et al. (2011) have rcomed earlier
ndings.

Gil & Krawczyk (1997) applied a relativistic version of the RVM model, dvel-
oped by Blaskiewicz et al. (1991), to the polarization data of Manckeer & Johnston
(1995). This version of the RVM model corrects for rst order, gecial relativistic
e ects due to fast co-rotation. The prescription of Gil & Krawczk (1997) was to
nd values of and which reproduced the basic pro le characteristics and then
calculate the predicted polarization swing which resulted in a predialegeometry
of =20 and = 4 though no comments on the uncertainty of these estimates
was provided.
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Bogdanov et al. (2007) modeled the X-ray emission from PSR J043%715
using a thermal hotspot model. They were unable to t the obsereepulse pro le
with a simple dipole but were successful when introducing an o set tthe dipole
axis. For an o set dipole describes the center of the hot PC from which the dipole
axis is o set in stellar azimuth and colatitude by  and , respectively. Initial
ts were highly unconstrained in and . By assuming that the spin axis is nearly
orthogonal to orbit plane they estimate 42 . Using this value they nd =
25-90, = 50-20, and = (23 -14), with quoted ranges corresponding
to 1 condence intervals.

Using similar TPC and OG models for the HE light curves and a hollow-cone
beam for the radio prole, Venter et al. (2009) estimated a viewing @pmetry of
(; )=(30 ,60). They used a TPC model with gap width 0.05 and an OG model
with an in nitely thin gap and an emission layer of size 0.05.

The best- t geometries presented here do not agree with the piietions of a
small impact parameter but it should be noted that the ts were doe assuming a
hollow-cone radio beam and the only way to get such a sharp, main gooment is to
clip the outer edge of one cone. Such an arrangement suggest&gact parameter
with absolute value larger than the cone annulus 16 as can be seen from the
ts in Table 7.4 which give values of 37 and -28. Therefore, future studies should
model the radio emission of this MSP with a core component in order tmmpare
with both the predictions in Table 7.4 and those from radio considerains.

It is di cult to compare the predictions of Bogdanov et al. (2007) with the

results in Table 7.4 as their values do not correspond to the de nition used here.
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The OG model nds a value of in agreement with the orbital inclination and is
easily in agreement with the suggested range of + though it is not clear if
such a comparison is valid as the shapes of HE light curves from pulsavith o set
dipoles have not yet been investigated. The TPC best-t is in good agreement
with the large range they predict but the best-t is in disagreement with the
orbital inclination.

The TPC ts presented here agree well with those of Venter et al2009) but
prefer a slightly larger value of as this leads to a sharper radio peak and a vanishing
of the precursor gamma-ray peak in their model. The geometry ofi¢ best-t OG
model presented here diers drastically from what they found butearly analysis
with an unrealistically large emission layer did nd similar t values and thus the

coarse gap resolution may be the cause of the observed discregan

7.2.1.5 PSR J06130200

Many authors have reported on polarization measurements for R§0613 0200 and
while all agree it presents a complex pro le none completely agree dretpolarization
characteristics.

In particular, Xilouris et al. (1998), Stairs et al. (1999), and Ord efal. (2004)
all measure some degree of circular polarization through the mainlpe component
with clear sense reversal indicating a small impact parameter and are emission
component while disagreeing on the polarization of the rest of the Ise. Manch-

ester & Han (2004), on the other hand, measure no circular polaatzon through
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the pulse and thus do not require a core component for the pulsaMore recent
polarimetric observations by Yan et al. (2011) have con rmed earliendings sug-
gesting a core component and detected a weak trailing componeatthe pulse with
similar polarization properties.

Joint modeling of the gamma-ray and radio light curves by Venter etla(2009)
found reasonable ts with (; ) = (30 ,60) for both TPC and OG models. The
TPC model used a gap width of 0.05 while the OG model had an in nitelykin gap
with an emission layer of size 0.05.

The best- t results presented here do not agree well with thosd venter et al.
(2009), but this is largely driven by the increased gamma-ray statiss and the use of
maximum likelihood which puts approximately equal weight to both the gmma-ray
and radio pro les. Note that these ts predict relatively large impad parameters,
at odds with the suggestions of a core component, but this is to b&pected given
the use of a hollow-cone beam for the radio emission model.

Note that the best-t OG model for this MSP occupies a rare part 6 phase
space which predicts emission across the entire pulse (see Fig. 7H)r large in-
clination angles & 60) the full shape of the polar cap reforms on the phase plot
and thus a constant, low-level gamma-ray component is predictddr large values
of . This is a side e ect of two facts 1) the emission is followed out to largadial
distance and 2) the radio beams of MSPs are much larger than in yaer pulsars

for which this viewing geometry would not result in a radio-loud, gammaay pulsar.
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Figure 7.4(Top left): Gamma-ray phase plot corresponding to the best-
t geometry for PSR J0613 0200 using an OG model and = 63 and
= 30 (dashed green line), color scale is square root to show fainter

features. (Bottom left): Radio phase plot for the same t, color scale is
also square root for consistency(Top right): Gamma-ray data and best-

t OG light curve for PSR J0613 0200, note that the model gamma-ray
emission persists across the entire phaséBottom right): Radio data
and model light curves.

7.2.1.6 PSR JO751+1807

Polarization measurements have been reported for PSR J07510¥8by Xilouris et
al. (1998) though they make no predictions on the viewing geometrylhis MSP
exhibited unusual polarization behavior with the linear polarization othe leading

peak changing over time while that of the trailing peak was steady.
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Venter et al. (2009) modeled the gamma-ray and radio pro les of ih MSP in
the context of TPC and OG models with a hollow-cone beam for the r&mlemission.
They predict (; )= (50 ,50) with a gap width of 0.05 for the TPC model and an
in nitely-thin gap with an emission layer of 0.05 for the OG model.

The results presented here predict larger values for bothand with a viewing
angle below the magnetic axis. While neither of the two results satisf@rily match
the gamma-ray pro le the model radio peaks of Venter et al. (2009vere displaced
with respect to the observed pro le. Additionally, the best- t photon index of this
MSP as reported by Abdo et al. (2010c) is 0.7, which is quite hard, sdting the

light curve with a slightly higher minimum energy may be warranted.

7.2.1.7 PSR J16142230

The predicted geometry for this pulsar from Venter et al. (2009) i§; )= (40 ,80)
for a TPC model with gap width 0.05 and an OG model with an in nitely thin gap
and an emission layer of 0.05. These geometries predict beam-atrom factors of
f 1, but as noted by Abdo et al. (2009g) and Abdo et al. (2010c) theeasured
gamma-ray energy ux predicts an e ciency for this MSP & 100%.

Demorest et al. (2010) reported a precise measurement of theaino delay in
this system and strongly constrained the mass and orbital inclinatioangle of this
system. They found a value for the inclination angle of 87 0 .02, suggesting
that the binary is edge-on. Assuming that the spin axis of the MSP isgopendicular

to the orbital plane, this suggests the same value for.
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The best- t values reported for PSR J1614 2230 do not agree with those of
Venter et al. (2009), predicting similar values of but much lower values of . These
geometries are better at matching the main radio peak but miss thadio IP entirely.

The predicted height of the gamma-ray peaks do not match thosdserved,
particularly for the second gamma-ray peak, but peak ratios in gamma-ray pulsars
are known to vary with energy (see Fig. 7.5) and such behavior is noaptured
by these geometric models. Additionally, the predicted fvalues are both. 0.5
predicting high but reasonable e ciencies. While this last argument des argue for
the geometry predicted here it should be noted that such considgions are not part
of the likelihood tting.

The best-t  values of Venter et al. (2009) are in better agreement with the
constraints of Demorest et al. (2010) than the values reported ihable 7.4. For
both the TPC and OG model the con dence contours do allow for th@ossibility
of solutions with near 90 and . 40. Restricting to be 80 and searching
the chains for the best- t results in the light curves shown in Fig. 7.6

The TPC model parameters are ( ) = (40 ,89) with an in nitely thin gap
width. The OG model has parameters are ( ) = (39 ,88) with a gap width of
0.05 and an in nitely thin emission layer. The log(L) values for these TPC and
OG models are 157.7 and 157.4, respectively.

For these TPC and OG model geometries f= 0.89 and 0.59, respectively.
This predicts e ciencies of 100 % and 67%, for the TPC and OG geometries,
respectively. The predicted e ciency of the OG model is higer thanaerage but

still less than 100%.
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Figure 7.5(Top): Gamma-ray light curve of PSR J1614 2230 following
the selections described in the text but only for events with recotracted
energies 1 GeV.(Middle): The same, but for events with reconstructed
energies 0.5 GeV and< 1 GeV. (Bottom): The same, but for events
with reconstructed energies 0.1 GeV and< 0.5 GeV.
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Figure 7.6 (Top): Gamma-ray data and best-t model light curves of
PSR J1614 2230 under the constraint 80, pink is TPC and green
is OG. (Bottom): The same, but for the radio data and model.

The best- t geometries, with constrained , agree very well with that found
by Demorest et al. (2010); however, the model radio light curveseano better than
those of the overall maximum likelihood geometry and the gamma-raypodels are
clearly not good ts. While the main radio pulse is matched well, the smalteadio
peak is not found in any of the ts presented here. That may suggethat either
the emission altitude of the cone beam is too low or that the radio emisa from

this pulsar should be modeled with a core component.
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To date, no polarimetric data has been published for this source toditate if
the core emission component is warranted or not. However, a ca@mponent would
suggest a higher inclination angle which could lead to better gammayrenodel light

curves and lower predicted e ciencies for both TPC and OG models.

7.2.1.8 PSR J1713+0747

Several authors have reported polarizations measurements @R J1713+0747, all
measuring some degree of circular polarization, with sense revegsin some cases,
suggestive of a core component (Xilouris et al., 1998; Stairs et al..989 Ord et al.,
2004; Yan et al., 2011). No predictions on the viewing geometry ofishMSP have
been made.

The TPC and OG models, in conjunction with a hollow-cone beam radio
model, reproduce the observed light curves remarkably well. This i$ adds with
the claims of the main radio component having the qualities of a core &sion
component but as the gamma-ray statistics are still rather poor itan not be ruled
out that a t with a core radio beam model could also produce a compable t.
Such an exercise should be carried out and compared to the hollognre beam

predictions, especially as further gamma-ray statistics accumutat

7.2.1.9 PSR J17441134

Polarization measurements for PSR J17441134 all present a at position angle

swing through the peaks which favor the cone beam interpretationXilouris et al.
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(1998) detect only a partially polarized pro le but Stairs et al. (1999, Yan et al.
(2011), and Ord et al. (2004) observe pro les with near complete Bar polarization.
Additionally, Yan et al. (2011) suggest that > based on the assumption that
the polarization angle swing in the main component is a continuation ohat in the
precursor component.

This MSP was one of only two for which Venter et al. (2009) found it reessary
to use the PSPC model to explain the pro le shape and observed iaeto-gamma
lag. They predict a viewing geometry of { ) = (50 ,80) and were able to match
both the radio and gamma-ray pro les well.

The best-t values in Table 7.5 for PSR J1744 1134 agree quite well with
those of Venter et al. (2009). Both ts predict > as suggested by Yan et al.
(2011).

The gamma-ray light curve of this MSP was also t with standard TPC ad
OG emission models in order to ensure that the PSPC model was thesbd. When
using the TPC and OG models, the gamma-ray light curve could be mdted well
but not for geometries which resulted in good ts to the radio.

Therefore, this MSP was also t with the alTPC and alOG models (see
Fig. 7.7) both of which returned slightly better likelihood values than he PSPC
model. The high degree of linear polarization is contrary to what is seen other
phase-aligned, gamma-ray MSPs (PSRs J003@534 and J1959+2134) but is also
observed in PSR J1939+2134 (though it seems that this is due to tipeedicted or-

thogonal geometry, see Section 7.2.1.11). Thus, it is unclear if thiitade-limited
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models are viable for this MSP and more investigation into the expecigolarization

properties is warranted.
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Figure 7.7 Data and best- t gamma-ray (op) and radio (bottom) light
curves for PSR J1744 1134 using the alTPC (pink) and alOG (green)
models.

7.2.1.10 PSR J18233021A

PSR J1823 3021A is the rst globular cluster MSP from which signi cant HE
pulsations have been detected (Friere et al., 2011). Pellizzoni et §009) have
claimed a pulsed detection from PSR B182124 in the globular cluster M28 using
AGILE . However, the signi cance was low, 4.2 the pulsar was only detectable
over 5 days out of their multi-month observation; and the detectio has not yet been

recon rmed by either Fermi or AGILE . While some \strange" physics can be invoked
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(Pellizzoni et al., 2009) to explain the transitory nature of the HE pisations, without
con rmation it is unclear if PSR B1821 24 does emit signi cantly in gamma-rays.

PSR J1823 3021A has a measureB (see Table 7.1) on the order of 138 s s ?,
10 to 100 times that of typical MSPs, which results in large derived lwzes of spin-
down energy and magnetic eld strengths. However, this MSP is loa in the
globular cluster NGC 6624 and projected to lie near the cluster coreThus, the
measuredP. may be increased signi cantly from the true value via gravitational
acceleration along the line-of-sight.

Friere et al. (2011) rst reported the HE pulsations from this souce and at-
tempted to use the LAT observations to place constraints on the finnsic B value.
After tting the observed HE spectrum and calculating the energyux it was found
that PSR J1823 3021A converts rotational energy into gamma rays with an e -
ciency of 10%, typical of other MSPs and suggesting that the measurd?l need
not be that strongly a ected by gravitational acceleration.

Stairs et al. (1999) reported polarization measurements for this & at 610
MHz. Similar to what was found for PSR J0034 0534, this pulsar shows no polar-
ization angle swing across the pulse with a mean linear polarization of 0%his is
consistent with the radio emission being caustic in nature.

This pulsar is among the class of HE MSPs for which the radio and gamymay
pro les are nearly-aligned in phase. Thus, Friere et al. (2011) (séeeir supplemen-
tary online material when published) modelled the gamma-ray and raa emission
from PSR J1823 3021A with the alTPC and alOG models, choosing the best-t
geometries via the MCMC maximum likelihood technique described in Chegy 6.
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They found best- t emission geometries for the alTPC model of;( ) = (51 ,68)
with in nitely thin gaps for both the radio and gamma-ray emission regns with
R, = 1.0 and (RR,, ,RR.) = (0.2,0.9). For the alOG model they found (; )=
(69 ,75) with a gamma-ray gap width of 0.05, a radio gap width of 0.10, R, =
1.2, and (R}, ,RR_.) = (0.2,0.8).

The results presented in Table 7.6 for PSR J1823021A agree well with those
of Friere et al. (2011) though the altitude extent of the radio emissn regions are
slightly di erent and the alOG results presented here have in nitely hin gaps. Their
analysis was done for 26 months of LAT data and the light curve ts were applied
to LAT data 0.5 GeV. The latter choice was motivated by the use of a simple
annular-ring to estimate the background level which seemed to uekstimate the
low-energy contribution of the pulsar. The results presented heralso tthe 0.5
GeV light curve but this was done to mitigate issues with the normaliz&n of the
isotropic di use component (t to a value of 10 ®) which could have e ected the

gtsrcprobderived background estimate at lower energies.

7.2.1.11 PSR J1939+2134

PSR J1939+2134 is the rst MSP ever discovered (Backer et al., 1®B8and has,
therefore, occasioned a great deal of scienti ¢ study. Shortlyftar the initial dis-

covery Usov (1983) assessed the viability of detecting this MSP in HEamma-rays
using a PC model, motivated in part by its relatively large spin-down emgy loss

rate, predicting an e ciency of 1%.
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Many authors have reported polarimetric observations of PSR J39+2134 and
agree that both peaks show a high degree of linear polarization witlkat position
angle swings. Ashworth et al. (1983) rst reported on the polarintéc properties
of this MSP, and noted that while the near 180phase separation of the two peaks
argued for an orthogonal geometry the near 9(phase separation of the position
angles between the two peaks argued against this interpretatios shey should be
nearly equal.

Stinebring (1983) con rmed early polarization measurements anduggested
that the existence of orthogonal mode switches, hinted at by defarization near the
inner peak edges, could reconcile the position angle di erences witietorthogonal
rotator geometry.

Stinebring & Cordes (1983) reported polarization observations tmwer fre-
guencies and con rmed earlier ndings which suggested a decreasethe average
linear polarization percentage in the IP with decreasing frequencylhe lower fre-
guency observations showed nearly equal position angles in eachkyeontrary to
what is seen at higher frequencies.

Orthogonal mode switching for all frequencies was demonstratégt Thorsett
& Stinebring (1990). However, they also argued that the typicalare beam interpre-
tation, as expected in an orthogonal rotator, can not explain th@arrowness of the
peaks. Thorsett & Stinebring (1990) also noted that the at posiibn angle swings
through the peaks is consistent with the line of sight passing throbighe magnetic
axis only if one assmes the existence of an unresolved 18@nsition at the center

of each peak.
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Later polarization measurements (Xilouris et al., 1998; Stairs et al.999; Ord
et al., 2004; and Yan et al.,, 2011) conrmed earlier ndings. Yan et al(2011)
discovered weak features before both the main pulse and the IP ialh were not
observable in earlier observations with lower resolution. With ux desities 0.5%
of that of the main pulse, these feautures would not be signi cant ithe likelihood
ts using the value of r quoted in Table 7.2. Additionally, Yan et al. (2011)
suggest that the orthogonal mode switching observed by otheuthors is closer to
60 , arguing against an orthogonal geometry.

Cordes & Stinebring (1984) extrapolated timing measurements 01939+2134
at 4 frequencies (from 320 to 1390 MHz) to in nite frequency anditind residuals
with no apparent frequency dependence. This suggested thatyen their timing
uncertainty, the emission altitudes for all frequencies were thersa within 2 km.

HE pulsations from this MSP were rst announced by Guillemot et al. (211)
who t the gamma-ray and radio pro les with alITPC and alOG models usimg the
MCMC maximum likelihood technique described in Chapter 6 and 18 months of
LAT survey data. They also reanalyzed the polarization data of Stes et al. (1999)
in order to generate RVM based predictions on the geometry. Thdpund best- t
parameters for the alTPC model of ( )= (75 ,80), w =0.10,wR =0.0, R, =
1.0, and (R}, ,RR.,) = (0.7,0.9). The RVM analysis yielded =89 and = 3,
a geometry which is well within the 39% marginalized con dence contaa Their
best- t alOG parameters were (; ) =(84 ,84), w =0.05,wR =0.0, R, = 1.0,

and (RR.,RR_)=(0.6,0.9).
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Spectral analysis of PSR J1939+2134 is complicated by the bright,atactic
di use emission (Guillemot et al., 2011) and the fact that the pulsar is taGalactic
latitude of 0O . However, given the larger parallax distance and the observed ux
it is clear that an e ciency greater than 1% is needed, casting doubbdn the model
of Usov (1983). Additionally, given the large PCs of MSPs it is di cult to reproduce
the relatively sharp peaks observed in the LAT pro le with low-altitude PC models.

The results presented here agree very well with those of Guillemdtat. (2011)
and both geometry estimates agree with suggestions from the raddata of an
orthogonal rotator with a viewing angle looking nearly down the maggtic axis.
Unlike PSR J0034 0534 which shows no strong polarization, this MSP displays
high levels of linear polarization. However, for an orthogonal rotat with 90
little depolarization is expected in the altitude-limited model Venter etal. (2011)
which further argues in favor of the best- t geometry in Table 7.6.

While the best- t results predict that the radio emission occurs ouvea signi -
cant range of altitudes the caustic nature of the altitude-limited mdels is consistent
with the ndings of Cordes & Stinebring (1984) if one assumes thatllafrequencies
are emitted over an extended range of altitudes. The results of ligburve ts with
the altitude-limited models using radio pro les at di erent frequencies would con-
rm this agreement if the best- t parameters found the same valas R, and R},
for all frequencies. Additionally, Guillemot et al. (2011) were able tose the RVM
ts to constrain the emission altitude of the radio to be 0.65 IR= which is consistent
with both the alTPC and alOG predictions within the current resolution of 0.10
Ric.
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7.2.1.12 PSR J1959+2048

PSR J1959+2134 was the rst \black widow" MSP ever discovered (Echter et al.,
1988), so called because it is in a binary orbit with an extremely low-m&asompanion
( 0.022 M ) which is believed to have been mostly ablated away by the pulsar wind.
This pulsar displays less than 2% linear polarization though some evidenexists
for sign-changing, circular polarization through both peaks (Thaett & Stinebring,
1990). Observations well away from the eclipsing phase have camed that the
lack of polarization is not due to interactions with the companion. Adiionally,
the eclipsing nature of this system and assumptions that the spin @xshould have
aligned with the orbital angular momentum suggest that the viewing regle of the
system is near 9Q

Guillemot et al. (2011) reported the pulsed detection of PSR J1952#34
above 0.1 GeV with the LAT. They also modeled this pulsar with the alTPGand
alOG models. Their best-t alTPC model parameters were { ) = (43 ,44), in-
nitely thin radio and gamma-ray gap widths, R,,, = 0.8, and (R}, ,RR,,) =
(0.3,0.5). Their best-t alOG models parameters were { ) = (16 ,82), gamma-
ray and radio gap widths of 0.10 each, R, = 1.20, and (R}, ,RR_,) = (0.9,1.1).

The results presented here disagree with those of Guillemot et al.0f1),
mainly in the best-t and values. Note that they used a gamma-ray light curve
of 30 bins owing to lower statistics. The use of 60 gamma-ray bins lsathb both
ts with  near 90, as opposed to only the alOG model of Guillemot et al. (2011)

having such a large viewing angle.
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Both models have trouble reproducing the HE peak near 0.2 in phaseperly.
This may, in part, be due to the appearance of lower-signi cancersicture. These
ts do suggest a large viewing angle for PSR J1959+2048 with modéganclination
angles, with large degrees of depolarization predicted, in line with tlwbservations

of < 2% linear polarization.

7.2.1.13 PSRs J2017+0603 and J2302+4442

PSRs J2017+0603 and J2302+4442 were discovered in radio obatons of bright,
Fermi LAT unassociated sources (Cognard et al., 2011). The gamma-rapd ra-
dio light curves of both MSPs have been t with OG and TPC models usinghe
MCMC maximum likelihood technique described in Chapter 6. No polarizetn
measurements have yet been published for either MSP.

The best-t parameters in Table 7.4 for PSR J2017+0603 and J2362442
are the same to within 1 of the values reported by Cognard et al. (2011). This is
not suprising as the gamma-ray data they used spanned nearly 2®mths and their
methods of event selection and background estimation are the saras those used
here. The radio pro les of both MSPs are complex with three or moreomponents

each, suggesting that use of a more complex radio beam geometigyrbe necessary.

7.2.1.14 PSR J21243358

Polarimetric observations of PSR J21243358 have been reported by Ord et al.

(2004) and Manchester & Han (2004). This MSP displays radio emissiacross the
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entire pulse with a complex shape. All components display some degy@f linear
polarization with no identi able core component.

Manchester & Han (2004) attempted to t the position angle swing sing the
RVM and obtained a best-t geometry of (; ) = (48 3;67 5) suggesting
that emission is visible from both poles. However, they note that tme is a large
degree of covariance in the parameters and suggest a more reiglistnge from (; )
= (20 ,27) to (60 ,80). Additionally, the presence of radio emission through the
entire pulse argues for emission from one pole and thus a low value of

Bogdanov et al. (2008) modeled the thermal X-ray emission from ifhhMSP
but the results were unconstrained in and

More recently, Yan et al. (2011) have reported new polarization rasurements
of PSR J2124 3358 which agree with earlier observations. They note that if the
linear-polarization position angles between 0:3 and 0:2 in phase were increased,
uniformly, by 90 then the total position angle curve would approximately match
that expected from the RVM with 25 and > . This geometry would be
in agreement with the fact that radio emission is observed across alst the entire
pulse phase. However, no mechanism is proposed for how the posiaogles in this
phase range might be shifted from that predicted by the RVM.

PSR J2124 3358 was the second MSP for which Venter et al. (2009) found it
necessary to invoke the PSPC model to match the HE pro le and ramtto-gamma
lag. They found a best- t viewing geometry of ; ) = (40 ,80).

The best-t results presented in Table 7.5 disagree with those of ¥er et

al. (2009). Their solution nds a radio pro le which is too narrow and agamma-
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ray solution which is too broad. These results also disagree with thedi- t RVM
geometry of Manchester & Han (2004) but agree well with their bexler con dence
range. Note that neither the results of Venter et al. (2009) norhiose presented here
are able to reproduced all of the observed features in the radioode.

The value of = 25 , suggested by Yan et al. (2011), agrees quite well with
the maximum likelihood value but the best-t is< , contrary to their prediction.
However, the marginalized con dence contours easily permit a solob with similar

and a larger . Light curve tting with a more complicated radio emission model

is needed to test these predictions further.

7.2.1.15 PSR J2214+3000

PSR J2214+3000 has been t with the alITPC and alOG models based orné
apparent alignment of the radio and gamma-ray peaks; however,should be noted
that the gamma-ray peaks are very broad which complicates the oia of phase-
alignment. Light curve ts with standard TPC and OG models can not eproduce
the observed radio and gamma-ray light curves simultaneously. Ihé pro les are
not aligned then the radio lag is small with the gamma-ray light curve psibly
preceding the radio and thus a PSPC model is possible.

Fig. 7.8 compares ts to J2214+3000 with the altitude-limited and PSE
models. The PSPC thas a log(L) = 145.8, while this is clearly a better t than
the alOG tting with the alITPC model decreases the log(L) by 15. The PSPC

model has problems properly matching the gamma-ray peaks butpreduces the
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Figure 7.8(Left): Observed and best- t gamma-ray (op) and radio (bot-
tom) light curves for the PSPC model (blue curves)(Right): Observed
and best-t gamma-ray (top) and radio (bottom) light curves for the
alTPC (pink curves) and alOG (green curves) models.

radio peaks well. The alTPC model matches the gamma-ray peaks wafid does
nd two radio peaks at the proper phases. The minor radio peak in thalTPC
model is not reproduced with a high enough intensity; however, thdisparity in the
alTPC radio peaks is controlled by limiting the value of B, with ner steps in
altitude it may be possible to more accurately reproduce the radio pie.

Given the preceding arguments, the alTPC model appears very aamcing

but the PSPC model can not be ruled out even though the likelihood asprefers
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the alITPC model. Polarization measurements would help to further dose between
the models. Little, or no, observed polarization would argue strohgin favor of the
alTPC model while a high degree of polarization would cast doubt on raddemission
of a caustic nature. Additionally, if the polarization measurementsugigested a core
beam, as opposed to the hollow-cone beam used here, that coulddléa more
favorable PSPC geometries.

By examining the simulated emission phase plots corresponding to tR&EPC
and alTPC best-t geometries (Fig. 7.9) it is clear that the observedight curves
require that both poles are viewed. However, the two models achesthis in di erent
ways. The PSPC model clips both poles as they pass above and belbw line of
sight. The alTPC model requires a nearly orthogonal geometry with low viewing

angle such that both poles are above the line of sight.

7.2.2 Combined Results

Pulsar parameters derived from timing observations as well as cutenergies from
spectral analyses are given in Table 7.7, distances are taken frommdd et al. (2010c),
Abdo et al. (2010d), Friere et al. (2011), Cognard et al. (2011), &som et al.
(2011), and Camilo et al. (1994) and references therein; howevére distance of
PSR J1902 5105 was derived directly from the NE2001 electron density model
(Cordes & Lazio, 2002) using the position and dispersion measurdues of Camilo

et al. (2011).
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Figure 7.9 Simulated gamma-raytpp) and radio (bottom) emission phase
plots for PSPC (eft) and alTPC (right) ts to the light curves of PSR
J2214+3000. Green dashed lines represent best- tvalues.
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Table 7.7. Additional MSP Measured and Derived Parameters

JName

JO0030+0451
J0034 0534
J0218+4232
J0437 4715
J0613 0200
J0614 3329
JO0751+1807
J1231 1411
J1614 2230
J1713+0747
J1744 1134

J1823 3021A

J1902 5105
J1939+2134
J1959+2048
J2017+0603
J2124 3358
J2214+3000
J2302+4442

E (103 erg s?) d (pc) Bic (KG) Ec¢ (GeV)
3.00 30090 17.8 2503
15.7 530210 98.9 2.00.6
240.0 2700600 313.1 4.71.3
3.00 1561 13.7 2.7 0.9
13.0 480190 54.3 6.6 0.2
22.0 1900440 70.1 4004
6.00 600600 32.3 6.72.9
18.0 40051 53.9 2904
5.00 1270390 33.7 1.70.3
3.53 1100500 19.2 4.72.6
4.00 35743 24.0 0.70.4
830.0 8400600 248.6 1.40.6
68.0 1164208 220.3 3.00.8

1097.6 77003800 984.7 1.20.7
74.8 25001000 249.0 1.30.6
13.4 1560160 58.6 2905
4.00 250250 18.8 1.80.2
18.0 1500189 64.1 2404
3.74 1180230 17.3 3.80.7
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The E-values reported in Table 7.7 do not account for any possible contrition
to the observedR-values due to Galactic gravitational acceleration along the line of

sight (&) which could increase the measureB. by

Pace =

a
=P (7.1)

from the true value. Note that Eq. 7.1 is an increasing function of PThe gravi-
tational acceleration can be approximated from Galactic rotationavelocity curves
by relating a = vrzot:rgal, wherergy, is the distance at the MSP position to the
Galactic center. Note that this implies Eg. 7.1 is an increasing functioaf v,,; and
a decreasing function of 45, though v,,: will be a function of rgy so the overall
dependence is unclear.

Fich et al. (1989) t multiple functional forms to the Galactic rotatio n velocity
(valid for r4y from 3 to 17 kpc) curve using measurements of gas in the Galaxy. &h
found that the data could either be described by a power law or linedunctional
form. The power law functional form is preferred in the inner Galaxynd leads to
a maximum Rgcc 5 10 2 s s ! for a distance of 3 kpc and assuming that the
entire acceleration is along the line of sight to Earth. This is typically 2d 3 orders
of magnitude less than theR values in Table 7.1 which suggests that th& values
in Table 7.7 are not greatly a ected by Galactic gravitational acceletion.

The cuto energies (and other spectral parameters) have bedaken from
spectral analysi$ of the same data used to produce the gamma-ray light curves, but

using 10 ROIs centered on the radio MSP positions, and sources from a preinary

2Credit and many thanks to ©. Celik (NASA GSFC).
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version of the 2FGL catalog (Abdo et al., 2011b) except for the pameters of PSRs
J1744 1134, J1823 3021A, J1939+2134, and J1959+2048. The rst two MSPs
encountered errors for unbinned maximum likelihood analysis and thwalues from

the LAT PSR catalog (Abdo et al., 2010c) were used for PSR J1744134 and those
from Friere et al. (2011) for PSR J18233021A. For the latter two MSPs the values
from Guillemot et al. (2011) have been used.

Measured gamma-ray luminosities (incorporating the predicted beang fac-
tors) and derived e ciencies ( L =E) for each MSP analyzed in this thesis are
presented in Tables 7.8, 7.9, and 7.10 sorted by which models wereduse t the
light curves.

It is of interest to look for possible trends in the best- t viewing gemetries of
the MSPs studied here and, in particular, to compare them with similastudies for
non-recycled pulsars and evaluate whether or not anything can Isaid regarding
models of pulsar evolution. The distribution of best-t (; ) pairs for the MSPs
analyzed in this thesis is shown in Fig. 7.10.

The best-t values appear to favor larger viewing angles near 98s shown
more clearly in Fig. 7.11. In Fig. 7.11 and elsewhere, the labels TPC an&nclude
both standard and altitude-limited models unless it is speci cally state otherwise.

If the pulsar spin axes are assumed to be distributed randomly, witlespect to
the line of sight to Earth, then the viewing angles should follow a sinj distribution
with a higher probability of pulsars being observed at larger. Additionally, the
brightest emission in outer-magnetospheric emission models is typgigabserved at

larger values of which introduces another selection e ect. This will be revisited
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Table 7.8. Luminosities and E ciencies for MSPs t with TPC and OG modds

JName L (10 ergs?)

TPC:

J0030+0451 0.84:3? 0.28932¢
J0218+4232 72,853 0.30912

J0437 4715 0.06 0.01 0.02%:3%
J0613 0200 1.231.02 0.09 0.08

J0614 3329 51.5%43 2.34419
J0751+1807 0.58,% 0.10 0.20
J1231 1411 1.02422 0.06%:97
J1614 2230 2.943:8] 0.59% %7
J1713+0747 0.914:39 0.26932
J2017+0603 5.65 30 0.419:323
J2302+4442 7.365:99 1.979%8
OG:

J0030+0451 0.79 3% 0.26912
J0218+4232 39.8%1 0.16 0.08
J0437 4715 0.05%53% 0.02%:3%
J0613 0200 0.97934 0.07 0.06
J0614 3329 43.320.8 1.97 0.94
J0751+1807 0.43,% 0.07%14
J1231 1411 2.36%58 0.13%:0¢
J1614 2230 1.853:53 0.37952
J1713+0747 0.52,72 0.159%%
J2017+0603 3.450:47 0.26%8
J2302+4442 7.4853 2.00% 5

Table 7.9. Luminosities and E ciencies for MSPs t with the PSPC Model

JName L (103 ergs?) B
J1744 1134 0.450:5¢ 0.11°%%2
J2124 3358 0.16 0.32 0.04 0.08
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Figure 7.10 Distribution of best-t ( ; ) pairs. Filled pink squares rep-
resent values from TPC model ts, lled green triangles are from OG
model ts, and lled blue triangles are from PSPC ts. The open pink
squares are from alTPC ts while open green triangles are from alOG
ts.

257



Table 7.10. Luminosities and E ciencies for MSPs t with alITPC and alOG

models
JName L (10*®ergs?)
alTPC: B
JO034 0534 0.324%5° 0.029%3
J1823 3021A 80.975:4 0.10%:%:
J1902 5105 6.443:33 0.09%:%°
J1939+2134 213842 0.19 0.23
J1959+2048 1242 0.17%%
J2214+3000 12.8;3 0.68%3¢
aloG:
JO034 0534 0.20%%9 0.01%:37
J1823 3021A 94.3%81 0.11%:93
J1902 5105 1.383 8 0.02%:%
J1939+2134 233.4% 8 0.21922
J1959+2048 13.7%32 0.18% 1%
J2214+3000 7.250% 0.40%33

in the next chapter after a \best" solution for each MSP is chosenNote that these
ndings are in agreement with a similar analysis for non-recycled gana¥ray pulsars
(Pierbattista, 2011 and Pierbattista et al., 2011).

The best-t MSP  values do not follow a uniform, angular distribution (see
Fig. 7.12), instead appearing to favor all angles roughly equally. This in contrast
to ndings for non-recycled pulsars (Pierbattista, 2011 and Pienrdttista et al., 2011)
which suggest a predominance of large values.

While it might be feasible that the magnetic inclination angles of newly bor
pulsars should follow a uniform, angular distribution it is not clear thatthis should
remain the case when looking at pulsars of di erent ages. In partitar, there are
many theories as to the evolution of as a pulsar spins down (e.g., Jones, 1976;

Ruderman, 1991).
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Figure 7.11 Distribution of best-t values. The pink histogram corre-
sponds to values from TPC ts, the green histogram from OG ts, ad
the blue histogram from PC ts.

Some studies suggest that the spin and magnetic axes should aligragaulsar
spins down and analysis of non-recycled radio pulsar pro les supp®ithis theory
with a suggested alignment timescale of 10° yr (Young et al., 2010). Gradual
alignment has also been used by Watters & Romani (2011) to explaim abserved
lack of young, lowE, radio-loud pulsars which are also observed to be gamma-ray
loud.

Ruderman (1991) has argued that, based on consideration of [Ee crust
stresses from super uid vortices, low magnetic eld neutron star being spun up
due to accretion should experience a gradual alignment of spin angale axes.

After accretion has stopped, however, the dipole axes of such lomagnetic eld
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Figure 7.12 Distribution of best-t  values. The pink histogram corre-
sponds to values from TPC ts, the green histogram from OG ts, ad
the blue histogram from PC ts.

pulsars spinning down should move away from the spin axis into an odfonal
con guration.

If the model of Ruderman (1991) is correct, the distribution of values in
Fig. 7.12 could represent the age of the MSP after accretion staggh However, the
di culty with such an interpretation is that it is unclear if all MSPs are s pun up to
the same extent or if accretion stops earlier in some sources leavthgm with an
initial  greater than in other sources. Evidence for ine ciencies in the rgcling
process has been found via the discovery of a pulsar which is only mildgcycled

(Keith et al., 2009).
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Fig. 7.13 shows the distribution of best-t values versus the MSP spin pe-
riods. If the distribution of best- t magnetic inclination angles in Fig. 7.12 is truly
just a re ection of the recycling process one might expect to seepaeference for
larger values of for greater spin periods which is clearly not seen. This casts some

doubt on the proposed interpretation of the observed distribution.
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Figure 7.13 Distribution of best-t  values versus pulsar period. Filled
pink squares represent values from TPC model ts, lled green triagles
are from OG model ts, and lled blue triangles are from PSPC ts.
The open pink squares are from alTPC ts while open green triangles
are from alOG ts.

As noted by Venter et al. (2009), the gamma-ray light curves of LRdetected
MSPs are suggestive, in all but two cases, of emission occurring inrmosv accel-
erating gaps. The ts presented here use simulations with a resolah of 0.05 in
gap width and as can be seen in Fig. 7.14 best- t gap widths of 0.0 areuhd for

two thirds of the ts. This suggests that the best- t gap width for the majority of
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MSPs is. 0.05 which further suggests that the accelerating electric elds ahighly

screened.

7.3 Concerning the Absolute Goodness-of- t

It is worth reminding the reader that the likelihood value is not an abdate goodness-
of- t measure. Statistical tools, such as the LRT described in Chger 3, can be used
to reject one model in favor of another but they do not guarantethat the preferred
model accurately describes the data. Some of the ts in Appendix Aatch the
data reasonably well but others do not; however, all of the ts wilbe used to infer
general MSP properties in Chapter 8. Thus, those conclusions sk be viewed
with some caution.

Most of the results presented in this thesis make the underlying assption
that the basics of the assumed emission models are correct. Hosvevthe use of
geometric emission models and uniform emissivity precludes the ability match
certain light curve features and the vacuum retarded dipole eld genetry is known
to be unrealistic. Additionally, details of the hollow-cone beam radio nael may
not be correct and some MSPs likely require a core component and/additional
cones. Thus, it is important to know which light curve features are ore (or less)
dependent on the model details.

Geometric models are able to match the positions of caustic emissioeags
rather well as these depend largely on the boundary of the openlwme. While

these boundaries will not change in a full radiation model they do depd strongly
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Figure 7.14 Distribution of best- t, gamma-ray gap width values. Tle
pink histogram corresponds to values from TPC ts and the greeni$+
togram from OG ts.

on the choice of magnetic eld geometry. In particular, a vacuum ate can not be
maintained everywhere in the pulsar magnetosphere and the prese of an electron-
positron pair plasma will a ect the shape of the PC rim.

Bai & Spitkovsky (2010b) showed that the open volume region is laggand the
PC rim more circular in the force-free model compared to the vacauassumption
though they did not quantify the di erence or address how di erem altitudes were
e ected. For alarger open volume, the same peak spacing can bhiaged (assuming
;< 90) by either decreasing or increasing though large changes can result
in di erent peak multiplicities and predicted o -peak emission levels. Laking a
detailed study of the force-free open volume it is not possible to cament on how

much the geometries reported here might change.
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The previous arguments apply to the main gamma-ray peak(s) andodot
apply to features which move signi cantly in phase with increasing plon energy
such as has been observed for the Vela pulsar. Geometric models wat generally
reproduce these features but tting techniques, such as thatescribed in Chapter
6, will still try to match such features and this can a ect the best results. One
example is PSR J12311411 (best- t light curves shown in Fig. 7.15) for which the

two main gamma-ray peaks are t relatively well but the minor gammaray peak

near phase 0.5 is not.

Figure 7.15 Gamma-ray {op) and radio (bottom) data and best- t model
light curves for PSR J1231 1411 using standard TPC (pink) and OG
(green) gamma-ray models with a hollow-cone radio beam.
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The gamma-ray light curves of this MSP in di erent energy bands arshown in
the left side of Fig. 7.16. Note that, similar to some non-recycled palss, the second
peak grows in strength relative to the rst with increasing energy bt the position
of both peaks remains stable. However, the right side of Fig. 7.16ndenstrates that
the middle peak appears to move to earlier phases with increasing &je

Note that a t to this minor peak using a Gaussian shape on top of the
gtsrcprobderived background estimate in each energy band did yield di erentgak
positions. However, these positions are consistent with one valueduced 2 of 1.3)
and thus the energy dependence can not be conclusively claimed.s#ming that
the energy dependence is real, it is probable that the emission whigmnstitutes this
minor peak originates in a di erent part of the magnetosphere thathe main peaks
as Du et al. (2011) claim is true for the Vela pulsar.

Given the aforementioned model de ciencies, the only way to assethe via-
bility of the best- t models is through comparison with other obserations, namely
radio polarization measurements. The simulation code described in &jter 5 can
be used to predict the polarization angle swings for a given geometaypd beam
model, these can be compared with observations without the neear fRVM ts.
The power of such comparisons is well demonstrated in Section 7.2.l®ere the
alTPC/OG ts to PSR J1744 1134 have comparable or better likelihood values
than the PSPC t but the observed polarization properties do not spport the hy-
pothesis of caustic radio emission. Polarization measurements woutld similarly

helpful for the case of PSR J2214+3000 (see Section 7.2.1.15).
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Figure 7.16 Gamma-ray light curves of PSR J12311411 in di erent
energy bands (as labeled). The left plot shows the full phase whileeth
right plot shows a zoom in on the middle peak which has been t with
a Gaussian plus a constant background estimated usiggsrcprob

266



MSP spectral properties are much less dependent on the assunedission
model. The assumption of CR gamma rays is common to many models aagtees
with observation which suggests that those results should be rodiu The reported
L and values do make use of the predicted fvalues but these are typically of
order 1 and thus the arguments made in Chapter 8 regarding the versusk-should

be little a ected if the underlying models used for the tting are wrorg.

7.4 Conclusions

The radio and gamma-ray light curves of nineteen MSPs have beenwith geometric
emission models using a maximum likelihood technigque which allows for ssiical
constraints on the emission geometries in these systems to be makdlesome cases,
the extent of the emission regions has been constrained to within%Qf the light
cylinder radius.

The best-t ( , ) values tend to agree with constraints from radio and X-ray
observations with some particular exceptions. It is clear that, fosome MSPs, the
single, hollow-cone radio beam is insu cient and use of either multiple o@s and/or
a core beam is warranted. Additionally, as will be discussed in more détin the
next chapter, there is evidence that the emission altitude of Kijak &il (2003) is
too low for MSPs.

While radio polarization measurements for many of the MSPs analyz&dthis
chapter do in fact exist, they do not often lead to constraining pictions on and

using the standard RVM tting procedures. However, the simulatios described in

267



Chapter 5 can also produce the expected polarization properties fa given viewing
geometry independent of the RVM. Therefore, future studies ot further test the
maximum likelihood viewing geometries by comparing the observed andedicted
polarization pro les.

The best-t  values roughly follow a uniform, angular distribution, as ex-
pected for a random distribution of pulsar spin axes. This distributio will be
analyzed in more detail in Chapter 8.

The best-t  values seem to favor all angles with roughly equal probability
which may be in line with the predicted, recycled pulsar evolution. Hower, uncer-
tainties in the e ciency of the recycling process complicate the praess further and
it may require comparison with population synthesis models to fully addss this

issue.
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Chapter 8

Discussion
A major goal of the study presented here is to statistically di eretiate between
emission models for LAT detected MSPs, whenever possible, usingxmaum like-
lihood. As discussed in Chapter 6, the likelihood value depends strongn the
gamma-ray background estimate, with log(L) changing by 5-6 for changes in the
background level of 1-2 counts per bin. The potential systematigias introduced
by this fact must be taken into account when comparing di erent ts for the same
MSP.

As such, when comparing two ts a conservative requirement of log( L)
15 is required for one model to be preferred over another. Thisstdts in a total of
nine MSPs for which a particular emission model can be selected. Fidl 8hows the

log( L) values for those MSPs t with TPC and OG type models and indicates

which model is preferred. It is interesting to note that even with a k&s conservative
requirement of log( L) 10 an emission model can be preferred for only one
additional MSP (JO034 0534).

Note that for PSRs J1744 1134 and J2124 3358 while no ts with standard
TPC and OG models have been presented these were investigated éound to have
values of log(L) which were& 100 higher than the PSPC values. For J17441134

ts have been presented with the alTPC and alOG models (see Sectiah2.1.9)
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Figure 8.1 Dierences in log(L) for the MSPs t with TPC and OG
type models. The vertical dashed line denotes the threshold forgfer-
ring one model over another.
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which have likelihood values comparable to that of the PSPC t but theviability
of these models is questionable given the polarization characterstiaf the source.

For the purposes of this chapter it will be necessary to select onlye t for
each MSP, regardless of whether or not log( L) is above the threshold of 15. As
such, strong conclusions can not always be drawn from the datadcaonly general
trends will be discussed. There are, however, some cases for wiihe results are
independent of which model is chosen and thus the results are moobust.

Overall, the TPC models are found to be more strongly preferred ém the OG
models. This could be due to issues with the background estimates@& models
will be systematically disfavored if this level is set too low. Howeverote that TPC
models are overwhelmingly preferred for log( L)  15.

It should be noted that Venter et al. (2009) found that MSP gammaay light
curves were not well t by OG models with in nitely thin emission layers. While
the study presented here did allow for non-zero width emission lagethe current
gap-width resolution resulted in this only being a viable possibility for OGyaps
with a width of 0.10. OG models with such large accelerating gap widthseanot
found to t the observed MSP light curves well and, thus, the bestt OG solutions
all have zero width emission layers. Note that the limits placed on theze of the
emission layer in this thesis exclude the OG model Venter et al. (2009ed for most
MSPs with rfin = 0.95 and rm& = 1.0.

A preference for TPC models is contrary to the ndings of Romani &Vatters
(2011) and Watters & Romani (2011) that the OG models are prefed for non-

recycled pulsars. The former authors t ve of theEGRET pulsars (excluding the
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Crab) using a modied 2 statistic while the latter simulated a large population
of gamma-ray pulsars and compared the observed and simulatecbperties from
di erent emission models. Both studies have speci c di erences, gend modeling
only non-recycled pulsars, in their implementations of pulsar emissiomodels which
could a ect their results compared to those presented in Chaptef.

The TPC model of Romani & Watters (2011) adheres strictly to thaletails of
the original Dyks & Rudak (2003) paper limiting the emission to cylindrial distances
of 0.75 R¢ and only following the emission to R,, = R.c. Additionally, they do
not use a fully illuminated gap, instead assuming that the emission cosmi&om an
in nitely-thin emitting layer on the upper boundary of eld lines with ro,. 1. In
addition to the Deutsch eld geometry used in this study Romani & Wéers (2011)
also explored a pseudo force-free geometry which assumes thes@nce of charges
enforcing the co-rotation of the magnetosphere but does not el the currents.

When evaluating simulated light curve properties Watters & Romani Z011)
assumed a core beam for the radio emission which leads to di erentia-to-gamma
lags than a cone beam though the di erence is less pronounced in lengeriod pul-
sars which have much smaller PCs. While they use the same TPC modedlization
of Romani & Watters (2011) they also include versions which follow éhemission
out to cylindrical distances of 0.95 R- (as is done for this study) with emission

from only the upper gap boundary and with the gap fully illuminated.
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8.1 Viewing Angle Distribution

In Chapter 7, it was noted that the best- t viewing angles seemedot favor values
near 90 somewhat more than what is expected from just a uniform, angulalistri-
bution. However, as shown in Fig. 8.2, when only one value ofis chosen for each

MSP using the likelihood values it is clear that this is not the case.
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Figure 8.2 Normalized distribution of best-t values which are preferred
by the likelihood. Dashed black line shows the expectation of a uniform
angular distribution.

A 2 analysis comparing to the expected curve for a uniform angular dist
bution (assuming counting errors in each bin and accounting for nmalizing the
distribution) results in a reduced 2 2= = 4:37=8 = 0:55 which indicates

good agreement. Thus, it is most likely that the extra favoritism tovards 90
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implied by Fig. 7.11 was due to low statistics and double counting of MSRar which

the TPC and OG models predict similar geometries.

8.2 Need for Emission Below the NCS

There are a number of MSPs t with the TPC and OG models for which tle pre-
dicted geometry is very similar, namely PSRs J0034€534, J0613 0200, J0O751+1807,
J1614 2230, J1713+0747, J18233021A, J1939+2134, J1959+2048, J2017+0603,
and J2302+4442. This suggests that the predicted geometrie®dairly stable to un-
certainties in the models and polarization measurements for such M&can strongly
test both emission models. However, as MSP polarization angle swirgge not typ-
ically well t by the RVM model producing predicted polarization curves which
include relativistic e ects is a logical next step.

One reason the TPC and OG model nds similar geometries for theseSW®s
may be that the observed emission is from only one pole. However,toé MSPs
noted above the phase plots in Appendix A suggest that the obsex emission of
J0751+1807, J1823 3021A, and J1939+2134 is from two poles and casts doubt on
this explanation.

However, another conclusion which can be drawn is that not all of ghemission
below the null charge surface is necessary to explain the data. Thsght suggest

an OG model in which the gap is allowed to extend some distance belovetNCS.
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Several authors have demonstrated that the inner gap boundaof a realistic
OG model which is disturbed from vacuum conditions will not be at the RS (e.g.,
Takata et al. 2004, Hirotani 2005,2006). In these OG models theage two com-
peting currents of electrons considered, one coming from the l&e surface and one
entering from the outer boundary.

Takata et al. (2004) found that the inner boundary of the OG gap @as at the
NCS in the vacuum case and if the two currents were equal. Howey#rthe current
of electrons from the outer boundary is greater, the inner bouady can be pushed
towards the stellar surface though there are suggestions thaich regions can not
signi cantly contribute to the HE ux (Wang et al., 2011). Note that Takata et al.
(2004) demonstrated this when the electron current from the siace was zero (their
\case 4"). Additionally, they assume that the ow of electrons cornng in through
the outer boundary exists but it is not clear from where the chargeoriginate.

Assuming the existence of such an electron current coming in thrgluthe outer
boundary of the gap, this may explain the preference for TPC molieand the many
cases where TPC and OG models predict similar geometries if MSPs ameahble
to produce a large ow of electrons across the inner bap boundarfpepending on
the relative strengths of the electron currents a given MSP may ppar more or
less TPC-like resulting in similar best- t geometries and little statistica di erence

between the two models.
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8.3 MSP Gamma-ray E ciency and Luminosity

As discussed in Chapter 2, the e ciency with which a pulsar convertsotational
energy into gamma rays is expected to be proportional to the gamphage. For
non-recycled pulsars withE- & 10® ergs ! this suggestd. / E¥? and thus the
e ciency L =E./ E. . This dependence predicts 100% e ciency near a
spin-down power of a few times f erg s *; thus, some transition in the gamma-ray
emission properties must occur for pulsars with measuréd below 10** erg s L.

Note that most of the gamma-ray MSPs presented here have mas=d E
values near the transition point and thus might be expected to hawe ciencies near
100%. However, as can be seen in Fig. 8.3, this is not the case. While ¢ciencies
cluster near 10-20%, as opposed to e ciencies on the order of avfpercent for non-
recycled pulsars (Abdo et al., 2010c), only three have values ab®@%. Note that
the two MSPs with e ciencies in excess of 100% are newly discovereddsonly have
DM-derived distances which may be overestimated.

Note that MSPs for which the OG models are favored (though not eessarily
by a signi cant amount) preferentially populate the lower range ofe- values (see
Fig. 8.4). The fact that these MSPs have relatively low e ciencies maysuggest
that higher-order magnetic multipoles are important, this will be disassed in more
detail later.

Using the rst forty-six gamma-ray pulsars from which HE pulsatiors were
rmly detected with the LAT in six months of sky survey, Abdo et al. (2010c) noted

weak evidence for the expected change in the versusE-trend. However, their
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Figure 8.3 Calculated e ciencies for each of the 19 MSPs modeled here
using the predicted f from the model with the lowest logL regardless
of whether or not the di erence is signi cant. TPC models are showin
pink, OG in green, and PSPC in blue.

sample only included eight MSPs and a handful of non-recycled pulsawith low E-
With the addition of eleven gamma-ray MSPs the break in thé. vs. E trend is
much more obvious (see Fig. 8.5).

Fig. 8.5 is improved over that in Abdo et al. (2010c) (their Fig. 6) by tle
inclusion of more statistics (i.e. MSPs) in the range 10** erg s'. Note that
more non-recycled gamma-ray pulsars have been detected sirfte tst LAT pulsar
catalog was published but this study will remain constrained to thoseublished

results in as far as non-recycled pulsars are concerned.
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Figure 8.4 Measurede- values for the 19 MSPs modeled here with color
coding indicating the model with the lowest logL regardless of whether
or not the dierence is signicant. TPC models are shown in pink,
OG in green, and PSPC in blue. Note that the one outlier OG point
corresponds to PSR J18233021A which is best- t by the alOG model.

The two samples now have sizeable overlap frdga  10°*-10°¢ which allows for
a qualitative assessment of the emission mechanisms at work in thetpopulations
to be made. As rst noted by Abdo et al. (2009q), it is clear that theemission
mechanisms in gamma-ray MSPs and non-recycled pulsars are thensa

Those MSPs withE- & 10® erg s ! (roughly 5) have measured values of
L very similar to the non-recycled pulsars with similarE- values and follow the
general EX*2 trend nicely. Additionally, L values for those non-recycled pulsars
with E-below a few times 18 tend to cluster with values from MSPs in that same
range with e ciencies around 10%. These facts suggest that whas observed in
Fig. 8.5 from high to low E- is an e ciency evolution in the mechanism powering

the gamma-ray pulsars.
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Figure 8.5L versusE- for known gamma-ray MSPs (red circles) and
non-recycled pulsars (blue triangles). The non-recycled pulsangedaken
from the sample of Abdo et al. (2010c). Only those pulsars with spesd
error bars, and not just a range ol , are included which results in a
comparable sample. Note that the non-recycled sample assumes=fl
while the MSPs use the values estimated from the best- t models (¢h
uncertainties on f have not been propagated to the error bars shown
here). The dotted lines demarcate bands of constant e ciency. Aine
of L / E (dashed) is drawn for instructive purposes, note that this is
not a t.
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Note that while the change in theL versusE-trend is visible with only the
MSPs, without the non-recycled pulsars it would not be signi cant. n fact, as
shown in Fig. 8.6 it could be argued that gamma-ray MSPs follow 0:10e-
as the MSPs do not extend to high enougk-to fully demonstrate the decrease in
e ciency which is clear in Fig. 8.5 with the non-recycled pulsars. Thusto fully
understand HE pulsar emission both recycled and non-recycled gaua-ray pulsars

must be considered.

25

TPC best-fit
OG best-fit
PSPC best-fit
alTPC best-fit
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Figure 8.6 Measured e ciency vs. E values for the 19 MSPs modeled
here with color coding indicating the model with the lowest logL re-
gardless of whether or not the di erence is signi cant. TPC modelsra
shown in pink, OG in green, and PSPC in blue. Luminosities were cor-
rected with the f values predicted from the best-t models, error bars
re ect the con dence range in those beaming factors.

The change inL is expected to be due to gap saturation in which the accel-
erating voltage has reached a maximum. While this is true for both SGnd OG
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models, the predicted consequences are quite di erent. In bothadels saturation
means that the accelerating voltage can not be increased by simplydening the
gap. For SG models the gap can continue to grow but the e ciency ispgroxi-
mately constant with L / E. For OG models this the gap occupies the whole
open volume above the NCS at saturation and fde- below this point gamma-ray
production turns o .

For SG models, Harding et al. (2002) predicted that th& break should occur
at 1.4 10%P 'B,” erg s 1. For the nineteen gamma-ray MSPs considered here
the break occurs in the range 5.7-2210°** erg s *. Below this break the luminosity
should be proportional toE-with e ciencies as high as 10%.

The estimates of Harding et al. (2002) agree well with the data in Fi@.7 but it
should be noted that they were derived assuming that 50% of theiprary electron
beam power is converted into gamma rays and thus there is some ertainty in
these values. In particular, if the electrons are in the CR reaction litnthe primary
beam e ciency should be 100% implying MSP e ciencies> 10%.

For OG models Zhang et al. (2004) predict that thd. break should be due
to saturation of the gap voltage which results in 100% e ciency. The predict this
will occur at 1:5 10*(P)*= erg s . For the nineteen gamma-ray MSPs considered
here the break values range from 1.7-2.710° erg s *. While all of these MSPs are
above these estimated break values they are all very close and ammeild expect the
e ciencies to cluster nearer 100% e ciency as opposed to 10%.

Even when the con dence ranges in the beaming factors are takeo account
(see Fig. 8.7) the majority of MSPs favor e ciencies 50%. Additionally, there is
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one non-recycled pulsar in the sample of Abdo et al. (2010c) with arydow spin
down power. PSR J17412054 has-=0.9 10** erg s ! but a spin period of 0.414 s
implies a critical spin down value of 1.1210° erg s ! using the formula of Zhang et
al. (2004). Therefore, this pulsar should not be active in gamma rayfassuming the
OG model of Zhang et al., 2004) unless some non-dipolar eld structuis important.
Abdo et al. (2010c) assumed f= 1 but a beaming factor of 4 is possible with outer-
magnetospheric models which would increase the derived e ciencypwever, this
requires a very particular geometry and thus speaks against theoatel of Zhang et
al. (2004).

The statistics of Abdo et al. (2010c) were too poor to attempt anynodel
discrimination based on the transition location. With an increased puis sample
(particularly in the low E-range) it is worthwhile to revisit this prospect. Attempts
to t the observed trend to a smoothly broken power law using justhe nineteen
MSPs presented in this study proved unsuccessful. A large part thfe di culty
may come from a lack of data in the highz-range which could be improved by the
inclusion of the non-recycled pulsar sample of Abdo et al. (2010cpvever, such an
analysis would not be a fair comparison as the luminosities are from letasta with
an earlier IRF version and all assume f= 1.

The L values for all the MSPs were t to a single power law (solid red line in
Fig. 8.7) resulting in the relationL = 10 ®5E145 Next the MSPs were divided
into two groups, those above and below a trial transition value dg;, and t to

power laws separately. Values d&; ranging from 3 10®3to7 10** ergs?! were
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Figure 8.7L versusE-for the nineteen MSPs presented in this study.
The dotted line represents 100% e ciency, the dashed line is the samn
demonstrative line ofL / E¥2 as in Fig. 8.5. The dash-dot line
(L / E3)is purely an instructive attempt to highlight the approxi-
mate location of the expected transition. The red solid line is a power
law t to all of the MSPs while the blue solid line is the combination of
two di erent power law ts above and below the transition.

tested but none of the ts resulted in more than marginal improverant over the
single powerlaw t.

However, when matching the best- t power laws above and belowelt; values
most intersected far from the corresponding;. Keeping only those solutions which
matched near the assumedE; the best transition value was chosen to b&; =
2 10*ergs ! for which the two solutions converged at 310* erg s 1. This solution

is shown as the solid blue line in Fig. 8.7. Below the transition = 10 4616g233
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and above itL = 10™%E%% |t should be stressed that this expression is not
from a rigorous t and thus no strong conclusions can be drawn fro it.

With more sources above the implied transition (i.e., non-recycled gana-
ray pulsars) it may be possible to t the entire population (above andelow some
E:) simultaneously. With just the MSPs neither emission model can be led out.
Note that E; 3 10* erg s ! does agree well with the predicted values using
the equation of Harding et al. (2002). Additionally, thisE; is roughly an order of

magnitude above the values predicted using the equation of Zhangat (2004).

8.4 Nature of the Phase-aligned MSPs

While the previous sections have argued in favor of gamma-ray MSRsd non-
recycled pulsars emitting via, essentially, the same mechanisms, nheare some
clear di erences between the two populations. In particular, oneriking di erence
is the number of pulsars in each class which display near alignment okthradio
and gamma-ray pro les. Among non-recycled gamma-ray pulsarenly the Crab
displays this remarkable trait. However, there are currently six gama-ray MSPs
which show evidence for phase-alignment.

The rst three to be detected (J0O0340 0534, J1939+2134, and J1959+2048)
all have spin periods less than 2 ms. Combined with the relatively low spperiod
of the Crab (compared to other non-recycled gamma-ray pulsarthis initially sug-
gested that phase-alignment might be restricted to the fastest@mbers of a given

pulsar class. However, three additional MSPs have phase-aligna® f@s including
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one with a spin period of 5.44 ms and one with 3.12 ms. Therefore, thecset to
phase-alignment remains unclear.

Given the ndings of Ravi et al. (2010), which suggest that pulsaradio emis-
sion should also be modeled as extended fan-like beams, the marsftgst of phase-
alignment could be simply a side e ect of co-located emission regionstes been
argued for some MSPs (e.g., Abdo et al. 2010d, Guillemot et al. 201hdaVenter
et al. 2011). However, if that is the case then the question still reams of what
leads to this arrangement in some pulsars and not in others.

The altitude-limited models described in Chapter 5 can produce o setsimilar
to those seen in the MSPs for which the radio was modeled as a hollane beam if
the radio emission is constrained to be 0:7 R c. It is not clear if such restrictions
allow the models to reproduce all of the features observed in radioS® pro les and
even if that is the case there is still no clear answer as to what coats the location
of the radio emission zone. As such, a careful comparison betwdles properties of
MSPs with and without aligned pro les is in order.

As shown in Fig. 8.8 the phase-aligned MSPs (open symbols) do not musly
occupy a special place iR-P space. While they do have some of the highest values
of EEand B ¢ (see Figs. 8.9 and 8.10), there are other MSPs without aligned prode
which have similar values.

To investigate whether or notB, ¢ does in fact have some in uence over the
gamma-ray emission region the best-t R, versusB,c are shown in Fig. 8.11.

While there is an implied trend, suggesting that the emission extends tigher
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Figure 8.8 Distribution of B versus P for eld MSPs from the ATNF cat-
alog with gamma-ray MSPs labeled by best- t model. Magenta squase
are for TPC (lled) and alTPC (open) models. Green triangles are for
OG (lled) and alOG (open) models. Blue triangles are for PSPC mod-
els. Lines of constanB, ¢ (dashed) andE- (dotted) are shown.

radial distances for MSPs with strongeB ¢, the current level of uncertainties sug-

gest that the values are consistent with a constant value of 1.0.R

The dotted line in Fig. 8.11 is derived by connecting the rst and last piots

with a line in log-log space. This gives R,, / B2, with an exponent very close

to zero further supporting a constant value.

As noted in Chapters 1 and 4, the CR cuto energy depends on thedal

radius of curvature at the point of emission. Thus, it is interestingd examine the

trend of measured cuto energies from Table 7.7 with R,, as shown in Fig. 8.12.
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Figure 8.9 Distribution of E- values separated into MSPs best-t by
altitude-limited (red) and standard models (blue), this last encompsses
PSPC as well as TPC and OG models.

Note that this can only meaningfully be done for MSPs t with alITPC/OG models
as R, is held xed at 1.2 R ¢ for the standard TPC/OG models in this thesis.
The points in Fig. 8.12 do seem to imply a systematic trend of decreagiouto
energy with increasing R, but such a claim can not be justi ed with the present
uncertainties. Considering only the errors ofcc the points are consistent with a
constant value ofEc = 1:9 0:2 GeV. This suggests that even when the emission
continues out to higher altitudes the bulk of the emission comes frothe same part
of the magnetosphere with approximately the same local radius afreature. This
is in line with the ndings of Venter et al. (2011) that changing R, a ects the

shape of minor features in the light curves but not the main peak sicture.
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Figure 8.10 Distribution of B ¢ values separated into MSPs best- t by
altitude-limited (red) and standard models (blue), this last encompsses
PSPC as well as TPC and OG models.

8.5 Concerning MSP Radio Emission Models

The discovery of a growing number of phase-aligned MSPs presehigher chal-
lenges to the traditional radius-to-frequency mapping (RFM) moel in which each
frequency is emitted at a single altitude with higher frequencies clos® the stellar
surface. The RFM has been shown to work well for non-recycledlpars (Lorimer &
Kramer, 2004) but there have been prior indications that it does ridold for MSPs.
For instance, the observed peak separation in the radio pro le ofSR J1939+2134
suggested a near-orthogonal con guration but the sharpness the peaks and lit-
tle frequency dependence in the widths did not t in with the RFM (Tharsett &
Stinebring, 1990). However, such sharp peaks are naturally exipled if the radio

emission is caustic in origin.
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Figure 8.11 Best- t values of R,,, vS. B c. Error bars are from pro le
likelihood. Dashed line corresponds to the average value of 1.QcR
Dotted line is derived by connecting the rst and last points in log-log
space.

Comparison of the predicted values, Fig. 8.13, for the models t with hollow-
cone beams (standard) and those t with alTPC/OG models does noteveal any
striking di erences in the two populations.

With the exception of one outlier (PSR J2214+3000) the phase-aligd MSPs
occupy the same range of values as the non-aligned MSPs. For some of the phase-
aligned MSPs the likelihood predicts that the radio emission regions shd be very
near the light cylinder which is in con ict which the ndings of Kijak & Gil ( 2003)
which predicts altitudes 30% of the light cylinder for the shortest period MSPs.
With emission occuring at higher altitudes the distribution of values should cover
a broader range, but with only six phase-aligned MSPs the statistiagay be too

low to demonstrate this.
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Figure 8.12 Best-t values of Ec versus R,,,. Error bars are onEc
are from spectral analyses and those on, R from the pro le likelihood
described in Chapter 6. Dotted red line is a t using just the errors 0
Ec while the dashed line is the weighted averagec.

Note that the extent of the blue histogram in Fig. 8.13 is constrainetly the
size of the cone beam and the requirement that all of the MSPs in thesudy be both
radio and gamma-ray loud. The MSPs in this sample do seem to disfaggometries
with smaller j j, perhaps arguing for larger cones. Additionally, combining the
observed gamma-ray and radio light curves of many of these MSPsed seem to
argue for a modi cation to the emission height formula of Kijak & Gil (203).

PSR J2302+4442 demonstrates this point well. This MSP has a complex
pro le with a main, two-peaked structure centered on phase 0 (lwhich has the
shape of a classical cone beam and the possibility of a weak core congmt. The
best-t TPC geometry (see Fig. 8.14) reproduces the gamma-rdight curve well

and can nd two radio peaks but they are not spaced far enough ag.
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Figure 8.13 Distribution of values preferred by the likelihood. Values
for MSPs t with standard models are shown in blue while those t with
altitude-limited models are shown in red.

The marginalized con dence contours suggest a high-level of caence in
the best-t geometry. This suggests that if geometries exist whicreproduce the
observed radio pro le more accurately they do not reproduce thgamma-ray light
curve well. This could be seen as an argument against the geometgamma-ray
emission models used in this study; however, if the altitude of the cerbeam was
increased (implying that the radio models are at fault) then the samgeometry
should reproduce the observed radio pro le while leaving the preded gamma-ray
light curve unchanged.

In order to demonstrate the e ect of increasing the emission altide of the

cone beam, simulations with the same period (5.5 ms) were made foethest- t
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Figure 8.14 Best- t TPC and data pro les for PSR J2302+4442, gamma-
ray on top radio on bottom. Note that the phase has been shifted/l9.5
in order to more prominently display the two-peaked radio structus on
either side of phase 1.

(59 ) but with lower frequencies (700, 70, and 10 Hz). The light curvesif each
of the lower frequency simulations with the best-t value (46) are shown against
the data and 1400 MHz model pro les in Fig. 8.15.

Note that not only does the separation of the model radio peaks imase as
the emission altitude is increased but the same asymmetry observedthe data
peak heights appears in the models. These new simulations were nbto the data
and the same phase shift was used in order to demonstrate howr, thie exact same

gamma-ray model, the radio t improves.
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Figure 8.15 Observed radio pro le, at 1400 MHz, for PSR J2302+424
with model pro les with emission at di erent altitudes. The pink curve
corresponds to the best-t model with emission height simulated as
suming a frequency of 1400 MHz. The blue, green and red curveg ar
simulations for the same, best-t geometry found by the MCMC but
with the emission height calculated assuming frequencies of 700, &0d
10 MHz, respectively. The blue and green model curves were nolined

to have the same maximum height as the pink curve while the red curve
was normalized such that the peak near phase 1.2 matched the heigh
the same peak in the data.

While the 10 MHz (red) model does do much better than the standdremission
height the data suggests that the cone must move higher still, bayd 50% of the
light cylinder radius. It should be noted that a singe hollow-cone bears unlikely to
acount for all of the observed features, there may be a weak emomponent between
the two main peaks and the feature near phase 0.65 may suggestttamission from
both poles is seen (which would necessitate a di erent geometry) perhaps the

presence of a second, wider cone which is only partially illuminated. Polztion
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measurements will be instrumental in assessing the nature of eawhthese compo-
nents.

In addition to MSPs with double peaked radio structures, there aralso sug-
gestions that the emission altitudes are too low in MSPs with single-peaadio
pro les. For many of these MSPs the best-t geometry is found wg far from the
maximum of the cone. This would suggest that the line of sight from Etn barely
clips the beam and then the measured radio ux is much lower than thieue value
(i.e., for the radio beam f is considerably greater than 1).

In principle this is not a problem; however, such large fvalues would imply
the existence of incredibly bright radio MSPs. One is then left to woredt why such
bright MSPs have not been discovered with their beams pointed modirectly at
Earth. It should be noted that while polarization measurements ofasne MSPs
with a single, strong radio peak do suggest core emission (therebyaldating the
previous argument) others do display the at position angle swingsharacteristic of

cone beams.

8.6 Conclusions

All of gamma-ray astrophysics has experienced a resurgence arelv areas have
been opened with the launch ofermi. Many more gamma-ray blazars are now
known (Abdo et al., 2010q); delayed HE emission from some gammag-taursts has

been conrmed (e.g., Hurley et al., 1994 and Abdo et al., 2009i); new skes of

gamma-ray pulsars are now well established (e.g., Abdo et al., 2009eand
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completely unexpected sources have been discovered (Abdo et2010i). Addition-
ally, constraints from searches for dark matter signals and otheew physics in the
Fermi LAT data are driving theoretical developments (e.g., Abdo et al., 2@h and
2010a).

The eld of gamma-ray pulsar science has bene ted enormously froFermi
LAT observations, increasing the known population by more than aorder of mag-
nitude with approximately 2 years of sky survey. MSPs have emejas a numerous
class of HE emitters via the detection of pulsed gamma rays from tatg thus far
(including the MSPs presented here and PSR J2245236 announced by Keith et
al., 2011); the discovery ob 20 new radio MSPs in searches of unassociated LAT
sources; and the detection of pulsar-like HE emission from sevegédbular clusters
(e.g., Abdo et al., 2009f and 2010j).

Understanding the exact details of the emission mechanisms at wankgamma-
ray MSPs will involve detailed radiation models such as has been done ¥ela (Du
et al., 2011) and the Crab (Harding et al., 2008). However, geomigtremission
models are capable of predicting viewing geometries and can be emslgcpowerful
when paired with observations at other wavelengths.

When tting just the gamma-ray light curves, it is easy to nd geomdries
which reproduce the observations well for either TPC or OG model3hus, inclusion
of constraints from other wavelengths (radio lag, X-ray torus ting, etc.) is crucial
when attempting to decide between di erent models. The shapes bbth the radio

and gamma-ray light curves are expected to carry information abbthe magnetic

295



eld structure; thus, it is important to t both light curves, whene ver possible, in
order to obtain a more complete picture of the magnetosphere.

In reality, the magnetosphere of a pulsar will be lled with charged paicles
and thus the eld structure will deviate from the vacuum retardeddipole geometry
which has been used in this thesis. However, the magnetosphere nat be lled in
a completely force-free manner as pulsars are known to accelerparticles to high
energies. Therefore, geometric modeling of gamma-ray pulsar lighirves with both
the vacuum and force-free magnetic eld geometries is necessaryrder to provide
a metric for how far between the two cases a real pulsar magngibsere is.

Joint tting of gamma-ray and radio pro les provides a strong testof not only
the gamma-ray but also the radio emission models. There is evidenoeradio emis-
sion originating much further out in the magnetosphere than previsly thought,
in agreement with the studies of Ravi et al. (2010). Caustic modelingf the radio
pro les of phase-aligned MSPs has speci ¢ predictions concerninlet polarization
characteristics which, to rst order, are in good agreement with lsservations.

Of the nineteen MSPs considered in this study only two seem to haveip
starved magnetospheres while the other seventeen are well ting models with
narrow accelerating gaps similar to what has been found for noneyeled pulsars.
Six of the known gamma-ray MSPs demonstrate phase-aligned pulsm les, as
opposed to one for non-recycled pulsars. These six pulsars tedpopulate the
high-end of the MSPE_and B¢ ranges.

While the likelihood analysis only allows for a decision between the TPC and

OG models for seven MSPs it should be noted that TPC models tend te Ipreferred.
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This is in contrast to ndings for non-recycled pulsars (Romani & Wgers, 2010
and Watters & Romani, 2011) though the two may be reconciled if moéd OG
models with emission below the NCS are invoked and/or if di erences tweeen model
implementations are considered as discussed at the beginning of ttiigpter.

The predominance of gamma-ray MSPs displaying narrow peaked pes sug-
gests that some mechanism moves the CR pair-creation death lineldye previous
predictions. This further suggests that previously discarded, odd, non-recycled pul-
sars near the old death line may merit further investigation as gamray sources.

The two main possibilities which have been considered are higher-araeag-
netic multipoles and o set dipoles. While multipoles are likely to be present is
not clear how strongly they control the observed MSP charactstics, especially if
the emission originates, predominantly, in the outer magnetospteer O set dipoles
provide a natural explanation but it has not yet been demonstratkif such models
can reproduce the observed gamma-ray light curves (Harding & Mdiimov, 2011 and
Harding et al., 2011).

It is clear that the emission mechanisms in non-recycled gamma-raylgars
and MSPs are the same (assumed to be CR in the radiation-reaction itinthough
there seems to be an inherent e ciency transition near a spin-dowpower of a
few times 16* erg s!. This transition can not be due to an inability of low E-
pulsars to e ectively screen the accelerating eld as most obsed/®SP gamma-ray
light curves are indicative of narrow gaps which requires a screenettd. However,
following the o set dipole ndings of Harding & Muslimov (2011), this transition
may be due to lowk-pulsars being only partially screened. As the gamma-ray pulsar
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L -E plot continues to be populated the nature of this transition should écome
more clear and serve as a further test of possible emission models.

Understanding this transition will be crucial for proper population gnthesis
models which attempt to assess the MSP contribution to the di use ggmma-ray
backgrounds (e.g., Takata et al., 2011). These studies must foldightransition
into the simulated E- distribution in order to make realistic estimates and should
investigate the possibility of higher altitude, and thus larger beam,adio emission
when addressing the question of radio-quiet gamma-ray MSPs.

All told, this is a very exciting time in pulsar physics with important discoveries
continuing to be made and technological advancements promisingeavmore to

come.
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Appendix A

MCMC Plots for all MSPs

This appendix collects the best- t light curve, marginalized con dewge contour, and
simulated emission plots for all nineteen MSPs considered in this thesig\ddi-
tionally, this appendix will collect basic historical information such as adio and

gamma-ray discovery papers.

A.1 PSR J0030+0451

PSR J0030+0451 is an isolated, 4.8655 ms pulsar rst detected in thadio by
Lommen et al. (2000). Gamma-ray pulsations were rst reportedypAbdo et al.
(2009d) and later by Abdo et al. (2009g) and Abdo et al. (2010c). e gamma-
ray light curve of this MSP were previously modeled by Venter et al. 9) using
geometric OG and TPC models with a hollow-cone beam radio model.

The best-t gamma-ray and radio light curves are shown in Fig. A.1. Te
gamma-ray light curve was t with the TPC and OG models. The radio po le
was t with a hollow-cone beam model. These light curve ts have use#l400 MHz
Narcay radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.2, the best-t geometry is indicated by the horizonthand vertical

dashed, white lines.
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Figure A.1 Best-t gamma-ray and radio light curves for PSR

J0030+0451 using the TPC and OG models.
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Figure A.2 Marginalized con dence contours for PSR JO030+0451 rfo
the TPC model. The color scale represents the number of entries in
each (; ) bin.

The marginalized - condence contours corresponding to the OG t are
shown in Fig. A.3, the best-t geometry is indicated by the horizonthand vertical
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.4, OG models are on the left and TPC on the right, gamma-ray nuels are

on the top and radio on the bottom.

A.2 PSR J0034 0534

PSR J0034 0534 is a 1.8772 ms pulsar in a 1.6 d orbit with a low-mass white dwarf
companion Bailes et al. (1994). Gamma-ray pulsations from this MSPere rst

reported by Abdo et al. (2010d) who also introduced the altitude-limeed models

301



250

200

150

100

50

Figure A.3 Marginalized con dence contours for PSR JO030+0451 rfo
the OG model.

(based on models used by Harding et al., 2008 to model the emissioandrthe
Crab pulsar) to explain the near phase-aligned pro les. An analysid the o -peak
region by Ackermann et al. (2011) revealed that there is evidenaw imagnetospheric
emission through nearly the entire pulse. The MCMC likelihood analysisedcribed
in this thesis was also applied to this MSP by Venter et al. (2011) usindgh¢ same
data span as Ackermann et al. (2011).

The best-t light curves are shown in Fig. A.5. The gamma-ray and rdio
pro les have both been t with the alTPC and alOG models. These light arve ts
have used the 324 MHz Westerbork radio pro le.

The marginalized - con dence contours corresponding to the alTPC t are
shown in Fig. A.6, the best- t geometry is indicated by the vertical ad horizontal,

white dashed lines.
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Figure A.4 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J0030+0451. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right. Intensity units are arbitrary increasing in value fom
black to white as indicated by the color bar. The color scale in the
top-left plot is square root in order to bring out fainter features.
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Figure A5 Best-t gamma-ray and radio light curves for PSR
J0034 0534 using the alTPC and alOG models.

304



400

300

200

100

Figure A.6 Marginalized con dence contours for PSR J0034)534 for
the alTPC model.

The marginalized - con dence contours corresponding to the alOG t are
shown in Fig. A.7, the best- t geometry is indicated by the vertical ad horizontal,
white dashed lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.8, alOG models are on the left and alTPC on the right, gamma-raynodels

are on the top and radio on the bottom.

A.3 PSR J0218+4232

PSR J0218+4232 is a 2.3231 ms pulsar in a 2 day orbit with a companionréss
&0.16 M and was rst discovered in the radio by Navarro et al. (1995). A majinal

pulsed detection of this MSP usingcEGRET data by Kuiper et al. (2000) and was

305



300

200

Figure A.7 Marginalized con dence contours for PSR J0034)534 for
the alOG model.

later con rmed with the LAT (Abdo et al. 2009g and 2010c). The gamma-ray light
curve of this MSP was modeled by Venter et al. (2009) using geometOG and
TPC models with a hollow-cone beam radio model.

The best-t gamma-ray and radio light curves are shown in Fig. A.9. Te
gamma-ray light curve has been t with the OG and TPC models. The rdio pro le
has been t with a hollow-cone beam model. These light curve ts havased the
1400 MHz Narcay radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.10, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - condence contours corresponding to the OG t are

shown in Fig. A.11, the best- t geometry is indicated by the verticalind horizontal
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Figure A.8 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J0038@534. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the alOG model with alTPC
plots on the right.
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Figure A9 Best-t gamma-ray and radio light curves for PSR
J0218+4232 using the TPC and OG models.
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Figure A.10 Marginalized con dence contours for PSR J0218+4238rf
the TPC model.

dashed, white lines.
Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.12, the OG models are on the left and TPC on the right, the gamairay

models are on the top and radio on the bottom.

A.4 PSR J0437 4715

PSR J0437 4715 is a 5.7575 ms pulsar in a 5.7 d orbit with a0.2 M companion
and was rst discovered in the radio by Johnston et al. (1993). Gama-ray pulsa-
tions from this MSP were rst reported by Abdo et al. (2009g) and lter by Abdo
et al. (2010c). The gamma-ray light curve of this MSP was modeled Menter et al.

(2009) using geometric TPC and OG models with a hollow-cone beam radnodel.
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Figure A.11 Marginalized con dence contours for PSR J0218+4238rf
the OG model.

The best-t gamma-ray and radio light curves are shown in Fig. A.13.The
gamma-ray light curve was t with OG and TPC models. The radio pro le was
t with a hollow-cone beam model. These light curve ts have used th&000 MHz
Parkes radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.14, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - condence contours corresponding to the OG t are
shown in Fig. A.15, the best- t geometry is indicated by the verticaland horizontal

dashed, white lines.
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Figure A.12 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J0218+4232. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right. The color scale in the top-left plot is square root in
order to bring out fainter features.
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Figure A.13 Best-t gamma-ray and radio light curves for PSR
J0437 4715 using the TPC and OG models.
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Figure A.14 Marginalized con dence contours for PSR J04374715 for
the TPC model.
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Figure A.15 Marginalized con dence contours for PSR J04374715 for
the OG model.
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Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.16, OG models are on the left and TPC on the right, gamma-ray adels are

on the top and radio on the bottom.

A.5 PSR J0613 0200

PSR J0613 0200 is a 3.0618 ms pulsar in a 1.2 d orbit with a low-mass companion
(&0.13 M ) and was discovered in the radio by Lorimer et al. (1995). Gammaya
pulsations from this MSP were rst reported by Abdo et al. (2009gand later by
Abdo et al. (2010c). The gamma-ray light curve was modeled by Veatet al. (2009)
using geometric OG and TPC models with a hollow-cone beam radio model.

The best-t gamma-ray and radio light curves are shown in Fig. A.17.The
gamma-ray light curve has been t with the TPC and OG models. The rdio pro le
has been t with a hollow-cone beam model. These light curve ts havased the
1400 MHz Narcay radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.18, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - condence contours corresponding to the OG t are
shown in Fig. A.19, the best- t geometry is indicated by the verticaland horizontal

dashed, white lines.
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Figure A.16 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J043%4715. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right.

315



Counts/Bin

T T T T T T T T
[ taTs 0.1Gev
\
1400 MHz Radio Data
TPC Model
OG Model
L L 1 L
1.2 1.4 1.6 1.8 2

0.8 1
Pulse Phase

Figure A.17 Best-t gamma-ray and radio light curves for PSR
J0613 0200 using the TPC and OG models.
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Figure A.18 Marginalized con dence contours for PSR J0613200 for
the TPC model.
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Figure A.19 Marginalized con dence contours for PSR J0613200 for
the OG model.
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Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.20, OG models are on the left and TPC on the right, gamma-ray adels are

on the top and radio on the bottom.

A.6 PSR J0614 3329

PSR J0614 3329 is a 3.1487 ms pulsar in a 53.6 d orbit with a low-mass companion
(&0.28 M ). This MSP was discovered in targeted radio observations of unass
ated LAT sources with pulsar-like characteristics and seen to pulse gamma rays
soon after (Ransom et al., 2011).

The best-t gamma-ray and radio light curves are shown in Fig. A.21.The
gamma-ray light curve has been t with TPC and OG models. The radio m le
has been t with a hollow-cone beam model. These light curve ts havased the
820 MHz Greenbank radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.22, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - condence contours corresponding to the OG t are
shown in Fig. A.23, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.24, OG models are on the left and TPC on the right, gamma-ray adels are

on the top and radio on the bottom.
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Figure A.20 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J0618200. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right. The color scale in the top-left plot is square root in
order to bring out fainter features.
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Figure A.21 Best-t gamma-ray and radio light curves for PSR
J0614 3329 using the TPC and OG models.
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Figure A.22 Marginalized con dence contours for PSR J06148329 for
the TPC model.
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Figure A.23 Marginalized con dence contours for PSR J0614329 for
the OG model.
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Figure A.24 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J0613329. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right.
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A.7 PSR J0751+1807

PSR J0751+1807 is a 3.4788 ms pulsar in a 6.3 hr orbit with a companionroéss
between 0.12 and 0.6 M and was rst discovered in the radio by Lundgren et al.
(1995). Gamma-ray pulsations from this MSP were rst reported Y Abdo et al.
(2009g) and later by Abdo et al. (2010c). The gamma-ray light cuevof this MSP
was modeled by Venter et al. (2009) using geometric TPC and OG mdslavith a
hollow-cone beam radio model.

The best-t gamma-ray and radio light curves are shown in Fig. A.25.The
gamma-ray light curve has been t with TPC and OG models. The radio p le
has been t with a hollow-cone beam model. These light curve ts havased the
1400 MHz Narcay radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.26, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - condence contours corresponding to the OG t are
shown in Fig. A.27, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.28, OG models are on the left and TPC on the right, gamma-ray adels are

on the top and radio on the bottom.
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Figure A.25 Best-t gamma-ray and radio light curves for PSR
J0751+1807 using the TPC and OG models.

324



250

200

150

100

50

0

Figure A.26 Marginalized con dence contours for PSR J0751+180@rf
the TPC model.

Figure A.27 Marginalized con dence contours for PSR J0751+180@rf
the OG model.
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Figure A.28 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J0751+1807. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right. The color scales in the top plots are square root in
order to bring out fainter features.
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A.8 PSR J1231 1411

PSR J1231 1411 is a 3.6839 ms pulsar in a 1.9 d orbit with a low-mass companion
(&0.19 M ). This MSP was discovered in targeted radio observations of unass
ated LAT sources with pulsar-like characteristics and seen to pulse gamma rays
soon after (Ransom et al., 2011).

The best-t gamma-ray and radio light curves are shown in Fig. A.29.The
gamma-ray light curve has been t with TPC and OG models. The radio p le
has been t with a hollow-cone beam model. These light curve ts havased the
820 MHz Greenbank radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.30, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - condence contours corresponding to the OG t are
shown in Fig. A.31, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.32, OG models are on the left and TPC on the right, gamma-ray adels are

on the top and radio on the bottom.

A9 PSR J1614 2230

PSR J1614 2230is a 3.1510 ms pulsar in a 8.7 d orbit with a 0.5 Mcompanion and

was rst discovered in the radio by Crawford et al. (2006). Gammaay pulsations
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Figure A.29 Best-t gamma-ray and radio light curves for PSR J1231
1411 using the TPC and OG models.
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Figure A.30 Marginalized con dence contours for PSR J1231411 for
the TPC model.

were rst reported from this MSP by Abdo et al. (2009g) and later g Abdo et al.
(2010c). Recently, radio observations have used the Shapiro deta measure the
mass of this pulsar to be 1.970.04 M (Demorest et al., 2010). The gamma-ray
light curve of this MSP was previously modeled by Venter et al. (200Q)sing TPC
and OG models with a hollow-cone beam radio model.

The best-t gamma-ray and radio light curves are shown in Fig. A.33.The
gamma-ray light curve has been t with TPC and OG models. The radio p le
has been t with a hollow-cone beam model. These light curve ts havased the
1500 MHz Greenbank radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.34, the best- t geometry is indicated by the verticaland horizontal

dashed, white lines.
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Figure A.31 Marginalized con dence contours for PSR J1231411 for
the OG model.

The marginalized - condence contours corresponding to the OG t are
shown in Fig. A.35, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.36, OG models are on the left and TPC on the right, gamma-ray adels are

on the top and radio on the bottom.

A.10 PSR J1713+0747

PSR J1713+0747 is a 4.5700 ms pulsar in a 67.8 d orbit with low-mass c@njon
(>0.28 M ) and was rst discovered in the radio by Foster et al. (1993). Gamairay

pulsations from this MSP have not been announced prior to this thiss
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Figure A.32 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J1231411. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right. The color scale in the top-left plot is square root in
order to bring out fainter features.
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Figure A.33 Best-t gamma-ray and radio light curves for PSR
J1614 2230 using the TPC and OG models.
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Figure A.34 Marginalized con dence contours for PSR J16142230 for
the TPC model.
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Figure A.35 Marginalized con dence contours for PSR J1614230 for
the OG model.
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Figure A.36 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J1612230. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right.
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The best-t gamma-ray and radio light curves are shown in Fig. A.37.The
gamma-ray light curve has been t with TPC and OG models. The radio p le
has been t with a hollow-cone beam model. These light curve ts havased the
1400 MHz Jodrell Bank radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.38, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - condence contours corresponding to the OG t are
shown in Fig. A.39, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.40, OG models are on the left and TPC on the right, gamma-ray adels are

on the top and radio on the bottom.

A.11 PSR J1744 1134

PSR J1744 1134 is a 4.0745 isolated pulsar rst discovered in the radio by Bailes
et al. (1997). Gamma-ray pulsations from this MSP were rst repded by Abdo
et al. (2009g) and later by Abdo et al. (2010c). The gamma-ray lighturve of this
MSP was modeled by Venter et al. (2009) using a geometric PSPC mbueéth a
hollow-cone beam radio model.

The best t gamma-ray and radio light curves are shown in Fig. A.41. fe

gamma-ray light curve of this MSP was t with a PSPC model. The radio po le
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Figure A.37 Best-t gamma-ray and radio light curves for PSR
J1713+0747 using the TPC and OG models.
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Figure A.38 Marginalized con dence contours for PSR J1713+074@rf
the TPC model.
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Figure A.39 Marginalized con dence contours for PSR J1713+074@rf
the OG model.
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Figure A.40 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J1713+0747. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right.
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Figure A.41 Best-t gamma-ray and radio light curves for PSR
J1744 1134 using the PSPC model.

was t with a hollow-cone beam model. These light curve ts have usethe 1400

MHz Narcay radio pro le.

The marginalized - con dence contours corresponding to the PSPC t are
shown in Fig. A.42, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in

Fig. A.43, the gamma-ray model is on the top and radio on the bottom
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Figure A.42 Marginalized con dence contours for PSR J17441134 for
the PSPC model.

A.12 PSR J1823 3021A

PSR J1823 3021A is a 5.4400 isolated pulsar. This MSP is located in the globular
cluster NGC6624 and was rst discovered in the radio by Biggs et al1994). Details
of the gamma-ray pulsation and spectral ts will be reported by Fere et al. (2011)
who also use the MCMC likelihood technique described in this thesis to the

gamma-ray and radio pro les with alTPC and alOG models.
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Figure A.43 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J1744134 with the
PSPC model. The best-t value is indicated by the dashed green lines.
The top plot corresponds to the gamma-ray phase plot while the bioim

is for the radio.
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The best-t gamma-ray and radio light curves are shown in Fig. A.44.The
gamma-ray and radio pro les have been modeled with the alOG and alTmodels.
These light curve ts have used the 1400 MHz Narcay radio pro le.

The marginalized - con dence contours corresponding to the alTPC t are
shown in Fig. A.45, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - con dence contours corresponding to the alOG t are
shown in Fig. A.46, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.47, alOG models are on the left and alTPC on the right, gamma-yamodels

are on the top and radio on the bottom.

A.13 PSR J1902 5105

PSR J1902 5105 is a 1.7424 ms pulsar in a 2 d orbit with a0.2 M companion.
This MSP was discovered in targeted radio observations of unassaed LAT sources
with pulsar-like characteristics and seen to pulse in gamma rays soafter. The
radio and gamma-ray discoveries will be discussed in a forthcomingoga (Camilo et
al., 2011), the timing solution and radio light curve were used in this tlss courtesy

of F. Camilo.
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Figure A.44 Best-t gamma-ray and radio light curves for PSR
J1823 3021A using the alTPC and alOG models.
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Figure A.45 Marginalized con dence contours for PSR J18238021A for
the alTPC model.
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Figure A.46 Marginalized con dence contours for PSR J1823021A for
the alOG model.
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Figure A.47 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J1823021A. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the alOG model with alTPC
plots on the right. The color scales are square root in order to briraut
fainter features.
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The best-t gamma-ray and radio light curves are shown in Fig. A.48.The
gamma-ray and radio light curves were t with the alTPC and alOG modks. These
light curve ts have used the 1400 MHz Parkes radio pro le.

The marginalized - con dence contours corresponding to the alTPC t is
shown in Fig. A.49, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - con dence contours corresponding to the alOG t are
shown in Fig. A.50, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.51, alOG models are on the left and alTPC on the right, gamma-yamodels

are on the top and radio on the bottom.

A.14 PSR J1939+2134

PSR J1939+2134 (a.k.a PSR B1937+21) was the rst MSP ever discened by
Backer et al. (1982). This is an isolated MSP with a 1.5578 ms period. Gaa-ray
pulsations will be reported in a forthcoming publication (Guillemot et al.,2011).
They also t the gamma-ray and radio pro les of this MSP with the alOGad alTPC
models using the MCMC likelihood technique described in this thesis.

The best-t gamma-ray and radio light curves are shown in Fig. A.52.The
gamma-ray and radio light curves have been t using the alTPC and alG models.

These light curve ts have used the 1400 MHz Narcay radio pro le.
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Figure A.48 Best-t gamma-ray and radio light curves for PSR

J1902 5105 using the alTPC and alOG models.
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Figure A.49 Marginalized con dence contours for PSR J1905105 for
the alTPC model.

600

—400

Figure A.50 Marginalized con dence contours for PSR J1905105 for
the alOG model.
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Figure A.51 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J1903105. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the alOG model with alTPC
plots on the right.
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Figure A.52 Best-t gamma-ray and radio light curves for PSR
J1939+2134 using the alTPC and alOG models.

The marginalized - con dence contours corresponding to the alTPC t are
shown in Fig. A.53, the best- t geometry is indicated by the verticaland horizontal

dashed, white lines.

The marginalized - con dence contours corresponding to the alOG t are
shown in Fig. A.54, the best- t geometry is indicated by the verticaland horizontal

dashed, white lines.
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Figure A.53 Marginalized con dence contours for PSR J1939+2134rf

the alTPC model.
Figure A.54 Marginalized con dence contours for PSR J1939+2134rf

the alOG model.
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Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.55, alOG models are on the left and alTPC on the right, gamma-yamodels

are on the top and radio on the bottom.

A.15 PSR J1959+2048

PSR J1959+2048 was the st black-widow pulsar ever discoveredr(fehter et al.,
1988). This is a 1.6074 ms pulsar in a 9.2 hr orbit with a 0.022 Mcompanion.
Gamma-ray pulsations will be reported in a forthcoming publication (@Gillemot et
al., 2011). They also t the gamma-ray and radio light curves with alOGnd alTPC
models using the MCMC likelihood technique described in this thesis.

The best-t gamma-ray and radio light curves are shown in Fig. A.56.The
gamma-ray and radio light curves have been t with the alTPC and alOGnodels.
These light curve ts have used the 300 MHz Westerbork radio prae.

The marginalized - con dence contours corresponding to the alTPC t are
shown in Fig. A.57, the best-t viewing geometry is indicated by the wical and
horizontal dashed, white lines.

The marginalized - con dence contours corresponding to the alOG t are
shown in Fig. A.58, the best-t viewing geometry is indicated by the wical and
horizontal dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.59, alOG models are on the left and alTPC on the right, gamma-yamodels

are on the top and radio on the bottom.
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Figure A.55 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J1939+2134. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the alOG model with alTPC
plots on the right. The color scales in the top-left and bottom plots &
square root in order to bring out fainter features.
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Figure A.56 Best-t gamma-ray and radio light curves for PSR
J1959+2048 using the alTPC and alOG models.
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Figure A.57 Marginalized con dence contours for PSR J1959+2048f

the alTPC model.

Figure A.58 Marginalized con dence contours for PSR J1959+2048rf
355

the alOG model.



Figure A.59 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J1959+2048. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right.
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A.16 PSR J2017+0603

PSR J2017+0603 is a 2.8962 ms pulsar in a 2.2 d orbit with a low-mass c@mnjpn
( 0.18 M ). This MSP was discovered in targeted radio observations of unass
ated LAT sources with pulsar-like characteristics and seen to pulse gamma rays
soon after (Cognard et al., 2011). They also tthe gamma-ray anchdio light curves
using the MCMC likelihood technique described in this thesis. Geometrid°C and
OG models were used for the gamma-ray light curve with a hollow-cobeam radio
model.

The best-t gamma-ray and radio light curves are shown in Fig. A.60.The
gamma-ray light curve has been t with TPC and OG models. The radio p le
has been t with a hollow-cone beam model. These light curve ts havased the
1400 MHz Narcay radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.61, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - condence contours corresponding to the OG t are
shown in Fig. A.62, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.63, OG models are on the left and TPC on the right, gamma-ray adels are

on the top and radio on the bottom.
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Figure A.60 Best-t gamma-ray and radio light curves for PSR
J2017+0603 using the TPC and OG models.
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Figure A.61 Marginalized con dence contours for PSR J2017+0608rf
the TPC model.

Figure A.62 Marginalized con dence contours for PSR J2017+0608rf
the OG model.
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Figure A.63 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J2017+0603. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right.
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A.17 PSR J2124 3358

PSR J2124 3358 is a 4.9311 ms, isolated pulsar rst discovered in the radio by
Bailes et al. (1997). Gamma-ray pulsations were rst reported fra this MSP by
Abdo et al. (2009g) and later by Abdo et al. (2010c). The gamma-ydight curve of
this MSP was modeled by Venter et al. (2009) using a PSPC model witlolflow-cone
beam radio model.

The best-t gamma-ray and radio light curves are shown in Fig. A.64.The
gamma-ray light curve has been t with a PSPC model. The radio pro lehas been
t with a hollow-cone beam model. These light curve ts have used thé400 MHz
Narcay radio pro le.

The marginalized - con dence contours corresponding to the PSPC t are
shown in Fig. A.65, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in

Fig. A.66, gamma-ray models are on the top and radio on the bottom.

A.18 PSR J2214+3000

PSR J2214+3000 is a 3.1192 ms pulsar in a 0.4 d orbit with a low-mass c@njon
( 0.014 M ). This MSP was discovered in targeted radio observations of unass
ated LAT sources with pulsar-like characteristics and seen to pulse gamma rays

soon after (Ransom et al., 2011).
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Figure A.64 Best-t gamma-ray and radio light curves for PSR
J2124 3358 using the PSPC model.
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Figure A.65 Marginalized con dence contours for PSR J2124358 for
the PSPC model.

The best-t gamma-ray and radio light curves are shown in Fig. A.67.The
gamma-ray and radio pro les have been t with the alITPC and alOG moels. These
light curve ts have used the 820 Greenbank radio pro le.

The marginalized - con dence contours corresponding to the alTPC t are
shown in Fig. A.68, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - condence contours corresponding to the alOG t is
shown in Fig. A.69, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.70, alOG models are on the left and alTPC on the right, gamma-yamodels

are on the top and radio on the bottom.
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Figure A.66 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J2123358 with the
PSPC model. The best-t value is indicated by the dashed green lines.
The top plot corresponds to the gamma-ray phase plot while the bioim

is for the radio.
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Figure A.67 Best-t gamma-ray and radio light curves for PSR
J2214+3000 using the alTPC and alOG models.
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Figure A.68 Marginalized con dence contours for PSR J2214+3000rf

the alTPC model.
Figure A.69 Marginalized con dence contours for PSR J2214+3000rf

the alOG model.
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Figure A.70 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J2214+3000. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right. The color scale in the top-left plot is square root in
order to bring out fainter features.

367



A.19 PSR J2302+4442

PSR J2302+4442 is a 5.1932 ms pulsar in a 51.4 d orbit with a 0.30 Mompanion.
This MSP was discovered in targeted radio observations of unaseded LAT sources
with pulsar-like characteristics and seen to pulse in gamma rays soafter (Cognard
et al., 2011). They also t the gamma-ray and radio light curves with he MCMC
likelihood technique described in this thesis. Geometric TPC and OG mel$ were
used for the gamma-ray light curve with a hollow-cone beam radio meld

The best-t gamma-ray and radio light curves are shown in Fig. A.71.The
gamma-ray light curve was t with TPC and OG models. The radio pro le was
t with a hollow-cone beam model. These light curve ts have used thé400 MHz
Narcay radio pro le.

The marginalized - con dence contours corresponding to the TPC t are
shown in Fig. A.72, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

The marginalized - condence contours corresponding to the OG t are
shown in Fig. A.73, the best- t geometry is indicated by the verticaland horizontal
dashed, white lines.

Plots of simulated emission corresponding to the best- t models ashown in
Fig. A.74, OG models are on the left and TPC on the right, gamma-ray adels are

on the top and radio on the bottom.
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Figure A.71 Best-t gamma-ray and radio light curves for PSR
J2302+4442 using the TPC and OG models.
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Figure A.72 Marginalized con dence contours for PSR J2302+4442rf
the TPC model.

Figure A.73 Marginalized con dence contours for PSR J2302+4448rf
the OG model.
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Figure A.74 Distribution of simulated emission as a function of viewing
angle and pulse phase for models used to t PSR J2302+4442. The
best-t values are indicated by the dashed green lines. The top plots
correspond to the gamma-ray phase plots while the bottom are ftine
radio. The left plots correspond to ts with the OG model with TPC
plots on the right. The color scales in the top plots are square root in
order to bring out fainter features.
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Appendix B

Selected Formula Derivations

This appendix contains a derivation of the relativistic aberration fanula and out-
lines the manner in which the Lorentz transform of the retarded diple eld from

the IOF to the CF is implemented in thelight curve simulation  code. The former
is not a new result nor is it particularly complex; however, a search dfe literature

did not return any papers in which this derivation is given. While that is ot to say
that such references do not exist it seemed prudent to work thugh the derivation

so that a more recent reference existed. The latter is also not ddabing a new
result, Lorentz transforms of electromagnetic elds are well knen, but as this has
been neglected in previous studies a description of how it is now inclddeeems

necessary for completeness.

B.1 Relativistic Aberration

Following the geometric conventions described in Chapter 5, considée point of
emissionto be an inertial frame of reference moving with three-velocity™ (the
instantaneous co-rotation velocity in units ofc, given by Eq. 5.4) with respect to the
|IOF with corresponding Lorentz factor = (1  2) ™. Let the photon direction
at the point of emission in the CF bek® To calculate the IOF direction  (R)

it is helpful to separatek®into components perpendicular and parallel to~ before
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applying the Lorentz transformations as given in Egs. B.1 and B.2 (aghted from

Egs. 37, 38, and 39 of Chapter 2 in Ohanian 2001).

. S
= B.1
T L= o (B.1)
TR+ T)
K, = kK 1 ———— _~ B.2
; : 1~ o (B.2)
Eq. B.2 can be simpli ed by noting that = k% = ~ Kk°= ~ KO By adding

together the terms in parentheses, using a common denominatdr(d+ ~ K9, one
arrives at Eq. B.3 which is simplied using (1 ?) = 2. Eg. B.3 givesk, in
terms of the initial emission direction, the co-rotation velocity, anck? ; however, it

would be useful to simplify this further such thatk9 did not explicitly appear.

2 0
R, = R L~ - K (B.3)
1+~ ko 1+~ K9
It is useful to recognize that ¢ k9 =~ will be in the same direction as

R3 but will have magnitude 2k3. Thus, R3 can be rewritten in terms of only the
initial photon direction and the co-rotation velocity as given in Eq. B.4(where the
identity (T K% ~ =~ (= K9 and Lagrange's formulaa (b € =

(a &b (a D)ehave been used). Using Eq. B.4 in Eq. B.3 leads to Eq. B.5 which
gives the component of the photon direction perpendicular to in the IOF in terms

of the emitted direction and co-rotation velocity.

~ Q0~

2

(B.4)



~ Qo
k. = ﬁ R - (B.5)

Similarly, Eq. B.1 can be simpli ed by recognizing that™ &% =  k? and
that K{ is, by de nition, along the same direction as™ . These considerations lead to
Eq. B.6 which can be used to cast Eq. B.1 in terms of the emitted phatalirection
and co-rotation velocity as given in Eq. B.7.

~ Q0~

2

Ky = (B.6)

~ Qo ~
Ry = e (B.7)

The direction of the emitted photon in the IOF is obtained by combining
Egs. B.7 and B.5 which returns,
RO+ +( 1=k -

R = TP ; (B.8)

which is the relativistic aberration formula given in Eq. 5.5.

B.2 Implementation Of The Magnetic Field Lorentz Transfornation

As noted in Chapter 5, previous studies of gamma-ray pulsar light oees in the
retarded vacuum dipole geometry (e.g.; Venter et al., 2009; Abdo ak, 2010d)
assumed that the direction of the magnetic eld (which determineshe initial photon

direction) in the CF was the same as that in the IOF. However, Bai & @tkovsky
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(2010a) noted that this was incorrect and the magnetic eld shouldbe rst trans-
formed to the CF. They demonstrated that neglecting this transfrm a ected the
simulated light curve shapes.

It should be noted that the authors of previous studies did not négct the
transformation because they were not aware of it; rather, theverall e ect is of
second order inr,, and thus is of lesser importance. However, given the results of
Bai & Spitkovsky (2010a) this has now been included but note thathee a ects on
the light curve shapes are minimal.

The magnetic eld in the IOF (B or ) is assumed to have the Deutsch eld
geometry (Deutsch, 1955) as given in Chapter 5. As discussed inapker 5, the
emission is taken to occur at a time such that the IOF and CF axes are aligned.
Consider the point of emissiony, y, z) to be, instantaneously, an inertial frame with
velocity = with respect to the IOF, the magnetic eld in the IOF can be transfomed
to the CF using Egs. B.9 and B.10, where the parallel and perpendiculiadices are

referenced to™ .

BSF = BOF (B.9)
’_E:F - J?OF ~ ElOF (BlO)
Assuming force-free condition€'°F = ~  B'9F and using Lagrange's

formula Eqg. B.10 can be reduced to,

gF - 1gIOF . (B.11)

where (1 2) = ! has been used as well.
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At any given point above the stellar surface the co-rotation velogitis = =

. N . P
+ = =R_cN; with the usual cylindrical radius = = x2+ y2. With == * z,
the unit vector N, (which is parallel to = ) will be in the x-y plane as given by,

D E

y . X .o (B.12)

hy = ==
! Ric Ric

An instantaneous coordinate system can be built at the emission poiasing the

unit vectors,

h, = MD;0; 1 (B.13)
and,
D E
X y
iz = —;—:0 B.14
° Ric’ Ric (B.14)

which are orthogonal to each other anch{ The coordinate system de ned by
Egs. B.12, B.13, and B.14 can be used to calculate the component8dt~ parallel

and perpendicular to™ as given in Egs. B.15, B.16, and B.17.

B°F = B'°F npong (B.15)
B,, = B'°F A, A, (B.16)
B,s = B'°F A3 A (B.17)

The magnetic eld in the CF is thus obtained by combining the magnetic eld

components given in Egs. 5.1, 5.2, and 5.3 with Egs. B.12 through B.lidathen

setting B¢F = B°F + ! BISF + BIYF
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