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The FASTrophysics of Precision Pulsar Timing

James Cordes
Department of Astronomy
Cornell University
Ithaca, NY 14853 USA

Email: cordes@astro.cornell.edu

1 Introduction

In this paper I discuss the limitations of pulsar timing that are introduced by the as-
trophysics of the neutron stars and their magnetospheres, by the interstellar medium,
and by related instrumentation effects. I mention how the FAST telescope can make
important contributions to the detection of gravitational waves using pulsars.

2 Requirements on Pulsars as Clocks

Pulsar timing underlies the great triumphs in testing theories of gravity, determining
masses of neutron stars (NS), and constraining plasma densities in the interstellar
medium (ISM). It is also key to ongoing attempts to detect long-wavelength gravita-
tional waves (GWs) produced by a variety of possible sources, including inspirals and
mergers of supermassive black-hole binaries, cosmic strings, and the inflation era.

Improving the precision of pulsar timing is a high-priority goal in order reap the
benefits of all timing applications, but efforts are largely driven by the requirements
of the most demanding application, GW detection with a pulsar timing array (PTA,
i.e. an ensemble of pulsars that are timed with one or more telescopes).

GW detection with a PTA can be compared with the requirements for ground-
based laser-interferometer detectors. In the kHz frequency band for a LIGO-like
instrument, detection of dimensionless strains h ~ 10722 requires measurement of a
path-length difference AL ~ hL over an L ~ 4 km distance, much smaller than an
atomic nucleus. For a pulsar timing array, the effective path length is the light-travel
distance over the data span T, L ~ ¢I' and the dimensionless strain at nano-Hertz
frequencies is h ~ 10716 to 10714, corresponding to AL ~ 103 cm to ~ 1 km, a small
fraction of the radius of a NS, Ryxs ~ 10 km. Detection of GWs with a PTA over
T ~ 10 yr means, in effect, tracking the position of the NS as it orbits any companion
and moves in the Galaxy to a precision of this order. The timing precision needed is
oy < 100 ns because the standard fitting function removes some of the signal.



The use of pulsars as clocks is enabled by their spin stability and only a small
fraction of pulsars are suitable for GW detection. Among the entirety of pulsars that
have spin periods from 1.5 ms to about 10 s, only those with periods < 10 ms are
competitive and even among these millisecond pulsars (MSPs), only a fraction can
be used, based on estimates of their spin stability [1]. If the spin represents the clock
mechansim, the “ticks” of the clock correspond to the pulses that we measure. Pulses
are a consequence of the rotation of beamed radiation from the pulsar magnetosphere
that is also modulated in time by dynamical aspects of the relativistic plasma. Vari-
ability of the amplitudes and phases of individual pulses (pulse jitter) causes timing
errors even with high signal-to-noise ratio (S/N) data (see below).

3 The Interstellar Medium (ISM)

The ionized ISM causes time-of-arrival (TOA) fluctuations that are strongly frequency
dependent [2]. The particular effects include:

1. Dispersion measure variations: The integrated electron density DM =
fOD dsne(s) to distance D is variable because electron density variations o,
exist on scales from ~ 10° km to > pc and the line of sight varies because
of motions of the Earth, pulsar, and ISM. Multiple frequency observations are
needed to measure and remove DM at each epoch.

2. Pulse broadening from scattering: Length scales < 1 AU cause multipath
scattering that broadens pulses asymmetrically and biases TOAs. The bias
is very strongly frequency dependent (< r~?) and can be removed through
appropriate broadband measurements.

3. Intensity scintillations: The same scattering effect causes constructive and
destructive interference that appears as 100% variations in the intensity I(t, v).
One effect on timing is related to the increase and decrease of the S/N that
causes the radiometer-noise timing error to differ from epoch to epoch.

4. Refraction: Larger scale variations in n, refract pulsar radiation and increase
the path length. In addition, referencing TOAs to the solar-system barycenter
is direction dependent. These two effects introduce timing perturbations oc v=4
and o< v~2 respectively.

5. Faraday rotation: The timing perturbation ~ 0.18 ns ¥ ~>RM is negligible for
most objects but could be important in special cases.

An important aspect of precision timing is to diagnose, measure, and remove
interstellar plasma effects. Requirements include wideband spectrometers, long inte-
grations with high observing cadences, and high sensitivity. FAST can provide these
and therefore can contribute greatly to PTA science.



4 Pulsar Quality

In addition to spin noise and interstellar effects, timing variations from radiometer
noise and from pulse jitter are highly important. The timing error from radiometer
noise o W/(S/N);v/N (where W = pulse width, N= number of pulses, and S/N;
is the S/N for a single pulse) and therefore benefits from a large telescope, wider
bandwidths, and longer integration times. Jitter produces a timing error o< f;W/ VN
where f; ~ 1 is the “jitter parameter” that is the ratio of pulse-phase jitter to pulse
width. The two contributions (radiometer noise and jitter) are about equal when
(S/N); ~ 1. The jitter contribution is correlated over wide bandwidths and therefore
is not improved by increasing the bandwidth. It can be reduced only with longer
integration times (larger N). From these expressions and from studies of spin noise,
it is clear that the best MSPs are those with the narrowest pulses and smallest period
derivatives P, which correlate with the strength of spin noise.

5 Prospects and Challenges

The big question for PTA science is ‘When will we detect GWs?’ The answer is not
well known but current understanding of timing precision suggests that (a) improve-
ments in TOA precision are needed by developing algorithms and making observations
that allow all the effects discussed above to be minimized and (b) surveys for new
MSPs need to continue to increase the number that have high timing precision. A
related question, then, is ‘What new instruments are needed to detect GWs and begin
GW astrophysics?” On existing telescopes, digital backend processors that provide
full-Stokes parameters with coherent dedispersion are now the norm. To provide sky
coverage and sensitivity, larger telescopes are needed around the world. In this re-
spect, FAST can be extremely important for the success of GW science. This requires
adequate telescope time for pulsar surveys and for pulsar timing with high cadence.
The high sensitivity of FAST will cause the timing precision of many (but not all)
MSPs to be jitter dominated rather than radiometer noise dominated. FAST will also
be able to provide the necessary S/N to quantify interstellar scintillations and to ap-
ply new algorithms aimed at removing their effects. The proposed 110-m telescope in
western China will also be important for allowing higher-cadence timing observations.

References

[1] R. M. Shannon & J. M. Cordes, ApJ, 725, 1607 (2010)
[2] J. M. Cordes & R. M. Shannon, arXiv:1010.3785



FAST Pulsar Symposium I (FPSI)
Aug 13-16, 2012, Xinjiang University, Xinjiang - P. R. China
http://fpsl.csp.escience.cn/dct/page/1

SiF vk e B2 ) AELASE 0 33 AT 5T

%

BIGF B PR S TRER
tHE 117G 044000

b IRy

PrER L&

[ HrEE 830011

EAE

T K SE PR TR B
)M 510006

Email: cosmic008@yahoo.com.cn

1 55

KR 73 ke B AE S R B it e B % T AR Aok &, iR 8la = —1.840.2
Maron [1] o R, A3 L8k 22 1) R ARk e B 11 5 LA AR BE R AR AL, FedTTIA
s BRT BE A s AN AR B S R R R B AN, e, 3RATT a0 B T 23k
2 S AR 2P 5 S BB DU 3Bk Hankinsde Rickett [2
, Hankin et al. [3] , Kramer et al. [4] , Kuzmin et al. [5] » XHZ5HAHKE R,

2 FymabBl bR

RSNkt B AEAT B AT B ) i AR e e i, BT = kf~o WI—ANHIAL B S S M4
Bt OnEEGEDD BIAHXIERRECNN = af — g MW EMN BS, MR
F L HABARRT BEAHS 2 2 A BO SR B EL ], 5 S AR B e Bl AT L, R ] 45
FFEXTHEFREL Chen et al. [6] o FRATIFF 2] 1723 Fs B kb 2 A A 7 2, Mg
FEARTT LAy Jy PURpSRAL, B “A” Y, “M” B, «“v” R, DLAHT A AGRREY,
HEE R (1) — (4) .

3 i

MCEIR SR AT DU R BB AR AL A A SCHRYE, ildn,  “A” AT M RUES
JERIAGAEALGE, RPN R B AR W H o ARNL 2 B0 PR RS R R AL 3R A T —
ARG, AT BEAE KT SR AN TR BB AL KRR 1 AT 225 1. BRATIA B B 2 A
BT o0, B AAE LRI R B 2R 8 . FAST RS iy, ] LAY e B 4 11
Mg b, XHIX7 IS o SE 2t 3 B2 AR

4



E0ET

E1E42-03

“
R

i
I
H
oz |
o ,‘_.E.._,
1 T :
! -4 I
= 4 s :
3 1 a8 I
g : [
T 1 1- H ¥

i ; 1

1 ! i 1
1 E
n L H
K [}

ideg) Bideg)

1
T
I:
1

a
0 -8

P [ 2 4
dideg)

(a) B0O823+26 (b) B1642-03 (c) B1706-16

Figure 1: “A” M. vhia]f, Pidhe. R4S LR o H RN 2 BBk ot
RERR, NIRRT O N AL 7 B I . Fhh s, Rk, AR L ZE e
IrS NACERIASE, HARGE, S5 AT NS AL B

— = T T E]
T T oo BO=2S-1 [ ! —

L
e

-'IJ -15 -10 -= o o 0
{deg)

(c) B0628-28
“M” R, REREE, AGOEET, Rk

o 5
(deg)

(b) B0525+-21

(] 5
dideg)

(a) BO301+19

Figure 2:

References
[1] Maron, O., Kijak, J., Kramer, M., Wielebinsky, R., A&AS, 147, 195 (2000).
[2] Hankins, T. H., Rickett, B. J., ApJ, 311, 684 (1985).
[3] Hankins, Timothy, H., Izvekova, Vera, A., et al. ApJ, 373, L17 (1991).
[4] Kramer, M., A&A, 322, 846 (1997).
[5] Kuzmin, A. D., Izvekova, V. A, et al. Astron, Astropys, Suppl, 127, 355 (1998).

[6] Chen, J. L., Wang, H. G., Chen W. H., Zhang, H., Liu, Y., Chin. J. Astron.
Astrophys., 7, 789 (2007).



BZ21T+47

04G

146

o=

23

|

1

1

1

f

1

1

1

1

I

1

1

i

B i
2 ?Jl'--

il

1

1

1

T

Figure 3:

ol

o3|

01

-0

oz
04
a8
a8

(a) B0540+23

Figure 4:

0
{deg)

“v7 A ERE,

(b) B0740-28
HIJE AKTRR

BOTA0-28 : n.4a
1
1
1
1 L
t
] e
1
1 = -
! e
i
1
:[ 1
T
1 |
1
L
o = o 5 1o 1=
bideg)

e

"

1

A,

L ST/

-5 5

]
did=g)

(c) B0834-+06



FAST Pulsar Symposium I (FPSI)
Aug 13-16, 2012, Xinjiang University, Xinjiang - P. R. China
http://fpsl.csp.escience.cn/dct/page/1

P 24 15 AU T TR 2 P Ik b B2 U I T B A

B3 (Chen Wen-Cong)
LT e ) 27
R L 476000

Email: chenwc@pku.edu.cn

1 515 A iEE

Z A0 kb 22 (Millisecond  pulsars, MSPs)F 1 & ik AL H A 2R AN 5] 17 00 I RRAIE
TERAEHEIR N SR vs. HEEJAI(B — P)orAn B AL T AR XL 1 ke A2 1 H
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Fit e AL TR B T AR XU BRI BRE], AR, B il i
HEMAAAE, ZRERE TR 4 B RPRES T R AR SR BRI, EER X b
BN TR,

T3 | 38 50 28 e — Tl e R A ot e ) e K T R FAT T e 1 s | & ik
NN P B s B RATE (1] JATIAN S T L B AE R, B
T RAR A, 5 R B SK A5 BN 27 B Bk FATTER ML BE Z ik o
TS SRR, AT ARAT A BT 5 | ) 328 45 200 0 et IS o 7 B 1 oo
ATV T b7 S5 | D738 B S I RF S I () AT (R T SR B, o B A e e
IS TS | DD aE B Fe b b bk B2 7y, JAl 14 AT BEAE R R S IR i sk 5 | 0345
FfE R A, JREILECE. S8k, FRATAEA B K B ADG IOR ) 4
RUAT TG, W rAEK BT, RAIPTE T L2244 ik b fastrometric
microlensing 44,

2 BHFRNRF LI W] 53 A

AR fo BT A AL kb S AT (BRI S R, 2% RE ik ik A2 I kick velocity 2], [RIIN
% AT Z R E R AR ARV BR 1) 25 T R B 20 A, VST v B A B B R AR
BRSO FEER, A

I'= 4G Jo© dDSDgp(DS) fODS dDqp(Dq)v[Da(Ds — Dd)/MDS]1/2
c Jo© dDsDZp(Ds)

AR A RBAF2], W TRERXHEEAE N SR K, 7 Bis] rE s Fiit
FN 2.27 x 10712 Jyear /source, X THE EREA, 51 J1EBFAFEN 3.38 x
10712 /year /source, W FLEFN5.65 x 10712 /year /source. I T AR KHIE2EHE

(1)
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Pulsar Background source Current Maximum to
ID centroid shift | centroid shift
(j125) (j125) (yv)
UKIDSS
J1910+1256 438685156132 1.5 277(171) 551(9)
B1929+10 438809433778 8.9 216(35) 35(0.03)
J1835-1106 438519400030 1.3 173(151512) | —47(130)
B1829-08 438747104229 0.58 146(8869) —204(148)
B1952+4-29 438604464609 15 124(233) 42(13)
B1749-28 438950140975 3.4 55(1453) —344(288)
B1929+10 438809412007 20 53(15) 14(0.02)
SDSS
J2317+1439 | 1237656495645983397 114 890(13235) | 0.070(29)

Table 1: & KOS T20 pashI T 5 R A L ILAHSK I Ik b A2 .

(L8

MRt 2 0 B AT, FRATT AT AT Bk b A 32 sl (i ads, A TG i 1R Bk

1 73S W%, JFHANFE RN A .. £ R TERATRIP, Tithastrometric
microlensing % (K91 JE K T-50 pas K BRI 0 N (R 1 5R K. — W IR A B
[k A 2 PSR B1929+10,  FATT IR v 533 W 3 30 ik v 2 4 A R SR 304F e A3 (1) I
B, FPEPYsEA E~ 200 pasfIHHOMEE, X4 KK HO0BE5E40
LB AR Foe 2 i B =, ATl X Bk ot R . AT TAERE— 2Pt
B, AR KRFASTRILE Z Mkt A )G, RAVBE ALK Bk E SEUNRMS] &
BRI Rk b A ) U

4 R4
RN st A2 5 F (R0 B H RIE A2 2, i O T AT TR b R A R S AT

FE I e BAHE 7B | @ Sy i e ST b R SR e AT, AT
VLT3 PERASFELIN R0 A, JFREAT TALE IR O, 25 R BIASK I r A6 27

Hi g rEae, AT NG| 1B s i vk B 2R R R IR A A
]
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1 Introduction

Pulsars are fascinating astronomical objects in the universe. Many pulsars, includ-
ing young normal pulsars and millisecond pulsars (MSPs), radiate multi-wavelength
pulsed emission, which have not been completely understood.

High energy emission (e.g. v-ray emission) from pulsars takes away a significant
fraction of the rotational energy. Thanks to the launching of Astro-rivelatore Gamma
a Immagini LEggero (AGILE) and Fermi Gamma-ray Space Telescope (FGST), more
than one hundred new ~-ray pulsars have been discovered in the last year, including
gamma-ray only pulsars and a new population of millisecond pulsars [1, 2, 10]. From
observations, MSPs are analogous to young pulsars, which have multi-wavelength
pulsed emission from radio (107%eV) to y-ray band. Do MSPs and young pulsars
share a simple model that contains simlar emission region and acceleration mechanism
to self-consistently explain their multi-wavelength emission?

Some models have been proposed to explain pulsar’s multi-wavelength emission, as
we will summarize below, differing on the acceleration region of the primary particles
and the mechanism for the production of the high energy photons. Initially aiming to
explain the high-energy pulsed emission from young pulsars, four traditional physical
or geometrical magnetospheric models which have been proposed to explain pulsed -
ray emission of pulsars: the polar cap model [4], the outer gap model [3], TPC/slot gap
model [8]. The distinguishing features of these pulsar models are different acceleration
electric field region for primary particles and relevant emission mechanisms to radiate
high energy photons [6, 7]. One of the key discrepancy of the mentioned emission
models is the one-pole or two-pole emission pattern with two important geometry
parameters: the magnetic inclination angle o and the view angle (.

The annular gap model is originally proposed by G. J. Qiao [11, 12]. The critical
field lines divide the polar-cap region of a pulsar magnetosphere into two distinct
parts: the core gap region and the annular gap region [6, 7]. The former gap is
located around the magnetic axis and within the critical field lines; the latter is
located between the critical field lines and the last open field lines. The width of
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Figure 1: Left pannel: the modeled radio-to-TeV phase-averaged spectrum for the
Crab pulsar. This figure is adopted from the published work [7]. Right pannel: the
modeled v-ray phase-averaged spectrum for the Vela pulsar. This figure is adopted
from the published work [6].

the annular gap region is anti-correlated with the pulsar period, it is therefore larger
for pulsars with smaller spin periods. The region for high energy emission in the
annular gap model is concentrated in the vicinity of the null charge surface, i.e., an
intermediate emission height, different from the outer gap model. The annular gap
has a sufficient thickness of trans-field lines and a wide altitude range for particle
acceleration. This model combines the advantages of the polar gap, the slot gap and
the outer gap models, and works well for pulsars with short spin periods. It is a
promising model to explain high energy emission from young and millisecond pulsars.

2 Modeled Results of Pulse Profiles and Spectra

A convincing model should have simple clear emission geometric picture with reason-
able input parameters, which can not only reproduce multi-wavelength light curves
for young pulsars but also for MSPs. Here we will briefly introduce our modeled
results of pulse profiles and phase-averaged spectrum for the Vela pulsar, Crab pulsar
and some millisecond pulsars. The detailed calculations in the annular gap model
can be found in the literatures [5, 6, 7].

We can solve the problems of the third peak (P3) in the «-ray pulse profiles and
the emission mechanism of GeV band for the Vela pulsar [6] as shown in right pannel
of Figure 1), the GeV band emission from the Vela pulsar is originated mainly from
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Synchro-curvature radiation [9] from primary particles, while synchrotron radiation
from secondary particles have some contributions to the low-energy ~-ray band (e.g.,
0.1 — 0.3 GeV). Meanwhile, the total spectrum (thick black solid line in left pannel
of Figure 1) is calculated in the annular gap model. It is found that the curvature
radiation and synchrotron radiation from primary particles is mainly contributed to
v-ray band (20 MeV to 20 GeV); synchrotron radiation from CR-induced pairs and
ICS-induced pairs dominates the X-ray band and soft y-ray band (100eV to 10 MeV).
ICS from the pairs contributes to hard TeV ~-ray band (~ 20 GeV to 400 GeV).

3 Interpretation

The annular gap model is a self-consistent single-pole model not only for young pulsar
6, 7], but also for MSPs (the work is submitted), multi-wavelength pulsed emission
can be well explained by this model.

I am grateful to both the pulsar groups of NAOC and of Peking University for
useful conversations. The author was supported by NSFC (10833003), China Post-
doctoral Science Foundation (Grant No.: 2012M510047), and partially supported by
my institute project of “Fvie Key Foster Directions” (Grant No.: Y22116EA2S).
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1 Introduction

Launched on 2008 June 11, the Ferm: satellite provides us an excellent opportunity
to study v-ray pulsars with its Large Area Telescope (LAT). Besides the 7 previously
known 7-ray pulsars detected by CGRO (Compton Gamma Ray Observatory), the
284 Fermi -ray pulsar catalog in preparation includes 117 ~-ray pulsars after three
years of operation [1]. The increasing population of known 7-ray pulsars enables
great improvements in the understanding of the ~v-ray emission mechanisms and the
Galactic population of pulsars through detailed study of their light curves and spectra,
and helps to constrain the theoretical pulsar emission models, like Polar Cap (PC),
Two Pole Caustic (TPC), Outer Gap (OG), and Annular Gap (AG) [2] (and therein).

Radio observations greatly enrich the data interpretation.

2 The Fermi LAT

The LAT is one of two instruments of the Fermi spacecraft which is an international
mission dedicated to the high energy astrophysics. It has an effective area of about
8000 cm? above 1 GeV and is designed for the energy band of 20 MeV - 300 GeV.
It has a field of view (FOV) which covers 20% of the sky at any moment. The LAT
is operated in survey mode and sweeps all the sky in three hours. Comparing to
EGRET (Energetic Gamma Ray Ezxperiment Telescope) on-board CGRO, the LAT
has great improvements on the effective area, FOV and reduction in background [3].

The LAT is based on the conversion to the electron-positron pair e* of an incident
photon which interacts with the material of the telescope. The track of the pair is
measured by a silicon tracker and their energy by the electromagnetic calorimeter.
The anti-coincidence detector tags charged particles to reject the cosmic rays which
may come from all directions in the space.
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3 Detecting Pulsars with the Ferm: LAT

3.1 Using Ephemerides From Radio/X-rays

Since 2007, the LAT collaboration organized a huge pulsar timing campaign [4] for
more than 700 pulsars in cooperation with the international radio telescopes of Jo-
drell Bank (UK), Green Bank (US), Nangay (France), Parkes (Australia), Nanshan
(China) and Arecibo (Porto, Rico). For pulsars not detected in radio, but in X-rays,
the ephemeris is obtained with the satellite RXTE (Rossi X-Ray Timing Explorer)
and XMM-Newton (Multi-Mirror Mission). ~-ray light curves are constructed by
folding photons using the rotation parameters in the ephemeris. 41 young pulsars are
thus detected by LAT after three years. With 40 detections, the millisecond pulsars
(MSPs) has been established as a class of the y-ray pulsars. In addition, about 15
globular clusters (GC) [5] have been detected as 7-ray emitters, especially J1823-
3021A in NGC 6624A has become the first GC MSP detected which accounts for all
of the observed LAT emission from the GC [6].

3.2 Blind Search in v-rays

Long, sparse LAT data making traditional epoch folding or FFT searches computa-
tionally expensive, a time-differencing technique has been developed within the LAT
collaboration prior to the launch of Fermi for the searching for pulsars using LAT
data only [7]. This has been a great success with 26 new young pulsars discovered
the first time ever after 3 years [8] (and therein). Recently, the Max-Planck Han-
nover group began working with LAT collaboration members, using a novel adapted
from a semi-coherent search method originally developed for gravitational wave detec-
tion from rapidly spinning neutron stars in LIGO (Laser Interferometer Gravitational
Wave Observatory) data. This leads to 14 discoveries of young pulsars with the first
9 published in [9]. The extremely deep radio follow-up undertaken by the Fermi
Pulsar Search Consortium (PSC) has detected radio pulsations from four of the 35
blind search pulsars [9] (and therein), which provides important information on the
pulsar distance from dispersion measure (DM), which is critical to convert measured
~v-ray flux into luminosities and then determining the ~-ray efficiency of the pulsar.
Additional informations like radio-y peak offset and radio polarization measurements
help to study the pulsar emission region and geometry.

3.3 Searching For Radio Pulsars in LAT Unassociated Sources

The third technique used in the search for pulsars is to perform radio searches for
pulsars powering sources discovered in the LAT sky survey, given that there are
about 30% unassociated Fermi sources in the 24 Fermi LAT Source Catalog [10] and
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that most sources are localized with an accuracy < 10’ which is small enough to be
covered by a single radio telescope beam. The PSC has performed deep searches for
LAT unassociated sources with pulsar-like spectrum and low variability. This has
yielded 43 new radio MSPs and 25 now have LAT detections [11]. These discoveries
has greatly enriched the MSP population in the Galactic disk and provide potential
contributions to the detection of gravitational waves using pulsar timing array.

4 Fermi vy-ray Pulsars

Fig 1 shows the 117 Fermi y-ray pulsars in the P — P diagram divided into 3 different
classes: radio-loud pulsars, radio-quiet pulsars and MSPs. They all have £ > 1033
erg/s and are mostly close to the Earth. In other words, most of them have high

effective v flux defined as VE /d?. Their light curves generally (but not always) have
two peaks separated by 0.5 in rotational phase, and their energy spectra are well
described by a power law with an exponential cut-off at some GeV. The ~ luminosity
increases with the spin down power E. The exact dependence is smeared by beaming
effects and distance uncertainties and is under study. MSPs resemble young pulsars,
but more likely to have aligned and/or complex 7-ray light curves. While the OG
models are in general favoured, it is experiencing challenges from the AG model
according to the recent modelling work undertaken by [2].
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5 Conclusions

Over 117 pulsars have been detected in 7-rays after 4 years of the Fermi mission.
Pulsars are the dominant class of Galactic y-ray sources. Pulsar emission from the
millisecond pulsars in globular clusters is also detected. Fermi guides radio telescopes
to the discovery of new galactic MSPs, and has increased the number of known MSPs
outside of clusters by 50%. The light curve shapes and spectral properties indicate
that outer magnetosphere models (OG, TPC, etc.) and intermediate AG model are
preferred.
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1 Introduction

The National Astronomical Observatories of China has started building the largest
antenna in the world. Known as FAST, the Five-hundred-meter Aperture Spherical
radio Telescope is a Chinese mega-science project funded by the National Develop-
ment and Reform Commission (NDRC). FAST also represents part of Chinese contri-
bution in the international efforts to build the square kilometer array (SKA). Upon its
finishing around September of 2016, FAST will be the most sensitive single-dish radio
telescope in the low frequency radio bands between 70 MHz and 3 GHz. The design
specifications of FAST), its expected capabilities, and its main scientific aspirations
are described in an overview paper by Nan et al.[1].

In this paper, we briefly review the key science goals of FAST, speculate the likely
limitations at the initial stages of FAST operation, and discuss the opportunities for
astronomical discoveries in the so-called early science phase.

2 Key Science (Goals

The origin of the observable universe, the origin of our world with the Sun and the
Earth, and the origin of intelligent life are overarching questions of natural sciences.
FAST, with its unparalleled collecting area and its state of art receiver systems has a
unique window for contribution through precise measurements of matter and energy
in the low frequency radio bands.

The key science goals of FAST are based on observables between 70 MHz and 3
GHz, including the 21 cm HI hyperfine structure line, pulsar emission, radio contin-
uum, recombination lines, and molecular spectral lines including masers.
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The majority of the normal matter in the universe is in the form of HI gas. Com-
pared with Arecibo, FAST will have three times the scan speed at L band and twice
the sky coverage. A key goal for Galactic ISM study will be a systematic study of very
cold atomic gas through searching HI Narrow Self-Absorption features (HINSA[2]),
which will be analyzed together with CO surveys of comparable resolution. For the
local universe, FAST will conduct blind surveys to measure the gas mass especially
in optically dark galaxies. Such census of gas will help explain the discrepancy be-
tween dark matter simulation and the observable universe, in particular, the ”missing
satellite problem”.

Using the 19 beam L-band focal plane array, FAST aims to discover over 4000 new
pulsars[3], about 300 of which should be milli-second pulsars. The followup timing
studies of these fast pulsars will be a substantial addition to current pulsar timing
arrays. We are looking into the quantitive impact of FAST pulsar studies upon the
detectability of gravitational wave, both from the stochastic background and single
event.

FAST will perform targeted studies of radio continuum, recombination lines, and
molecular lines. These studies aim to enhance our understanding of the galactic
structure, ISM content, and planetary physics. We also expect to attempt direct
observation of exoplanets in meter wave band.

3 Early Science Oppurtunities

We consider the first 6 months to a year after first light to be the FAST early science
phase, during which a few hands-on projects will try to utilize the sensitivity of FAST
before the complete suite of receivers and observing modes become available.

The complexity and the innovative nature of the FAST systems pose many chal-
lenges. The main foreseeable one is the real-time control. With a total error budget
of 2 mm, the FAST systems, including the main active reflectors and the receiver
cabin, have to be constrained precisely through a closed feedback loop. The difficulty
of realizing this control loop goes up substantially with frequency. Therefore, there
exist great motivation in the early science phase to carry out projects in wavelengths
longer than the L band. In terms of observing modes, complex scan patterns and
driving/ switching which require substantial speed should be avoided.

The two considerations discussed above mean that the early science programs
should target point sources with strong signatures below 1 GHz. Spectroscopic lines
from the Orion nebular clearly satisfy such requirements. Our plan is to perform deep
spectroscopic scan in bands as wide as possible in low frequency ranges. There are A
doubling line of CH, possible C'H30 H maser, recombination lines, and numerous other
lines of more complex species in frequencies lower than 1 GHz. With a comprehensive
Orion source model expected from Herschel studies, such a spectral line survey also
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holds the potential for discovering new lines.

We have carried out a numerical experiment to identify the optimum frequency for
FAST pulsar search in a drift scan mode. Based on an updated version of the pulsar
population model[4], our simulations fit the detection rate of the Parkes Multibeam
Survey, Parkes T0MHz survey, and the GBT survey simultaneously by altering the
spectral index and deviation of spectra index distribution together. Our results show
that the maximum detection rate for a drift-scan pulsar search by FAST can be
achieved around 500 MHz, with a relatively flat 'plateau’ between about 400 MHz
and 700 MHz. Pulsar searches, especially toward M31, in that frequency range will
thus be of high priority as a FAST early science program.

In the early science phase, FAST should be able to detect compact radio continuum
sources, such as the Gigahertz Peaked-Spectrum (GPS) sources. FAST will enlarge
the sample to fainter flux end and shed lights into the origin of emission of such
sources.

Within the technical constraints of early science operations, there will still be
ample opportunities for focused programs of significant impact. Careful consideration
of low frequency sources, existing surveys, and feasibility much in advance are required
for any key programs in the early science phase of FAST.
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1 Introduction

There are three different kinds of compact stars in the University: white dwarfs
(WDs), neutron stars (NSs), and black holes. However, Witten (1984) suggested a
possible existence of compact objects consisting of strange quark matter[1]. Due to
strange quark matter being absolutely stable, Haensel et al. (1986) and Alcock et
al. (1986) pointed out that NSs almost would be made of strange matter and not
neutrons|2, 3]. However, Alpar (1987) considered that glitching radio-pulsars are NSs
and not strange quark stars (SSs)[4]. Madsen (1988) suggested that SSs can not be
formed directly in supernovae!, or less they would eventually contaminate the entire
Galaxy[5]. Kluzniak (1994)suggested that SSs could exist as millisecond pulsars. Due
to the fast rotation and thermonuclear bursts[8], Li et al. (1999) suggested that the
SAX J1808.4-3658 is a good SS candidate[9]. These SSs can be formed in low-mass
X-ray binaries (LMXBs) via an accretion-triggered phase transition of NS matter to
SS matter[10].

The phase transition requires the formation of a strange matter seed in the NS.
The strange matter is produced through the neutron matter at a critical density.
Serot & Uechi (1987) pointed out that the central density of a 1.4 M, NS with a
rather stiff equation of state is sufficiently lower than the critical density[11]. Based
on the modern equations of state in [12], Cheng & Dai (1996) estimated that the NSs
with a 1.4 Mg must accrete matter of 0.5M in order that their central densities
reach the deconfinement density[10]. Once the above condition is satisfied, the phase
transition occurs.

Olinto (1987) proposed that the process of the strange matter swallowing the
neutron matter is a slow mode[13]. However, Horvath & Benvenuto (1988) showed

Dai (1995) and Xu (2001) suggested that SSs can be formed directly during or shortly after
some supernovae explosion when the central density of the proto-NSs is high enough [6, 7].
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that it is hydrodynamically unstable[14]. Cheng & Dai (1996) proposed that the
conversion of neutron matter should proceed in a detonation mode and could be
accompanied by a gamma-ray burst[10]. Ouyed et al. (2002) suggested that there
is a quark-nova when the core of a neutron star (having experienced a transition
to an up and down quark phase) shrinks into the equilibrated quark object after
reaching strange quark matter saturation density (where a composition of up, down
and strange quarks is the favored state of matter)[15]. In their model, the energy
released as radiation in a quark-nova is up to 10°® ergs. Ouyed et al. (2011) proposed
that the quark novae in LMXBs may be the engines of short gamma-ray bursts[16].

Based on the above descriptions, it is possible that SSs originate from the hydro-
dynamically unstable conversion or the slow conversion in LMXBs. Using standard
equation of states of neutron-rich matter, Staff et al. (2006) considered that the
density of quark deconfinement is ~ 5py, where py ~ 2.7 x 10%g cm™3 is nuclear
saturation density. According to the equation of states in Akmal et al. (1998), the
gravitational mass of an NS is ~1.8M, in order to reaching 5po[18]. Therefore, it is
very important for our understanding the formation of SSs to study the mass evolu-
tion of NSs in LMXBs. In this work, by simulating the interaction of a magnetized NS
with its environment and utilizing a population synthesis code, we focus on the mass
change of NSs in LMXBs and the possibility from NSs converting SSs in LMXBs, and
investigate the properties of LMXBs with SSs (qLMXBs).

2 Models and Results

Assuming that conversion of NS matter to SSs occurs when the core density of accret-
ing NS reaches to the density of quark deconfinement, ~ 5p,, we investigate LMXBs
with SSs (qLMXBs). In our simulations, about 1%— 10% of LMXBs can produce
SSs, which greatly depends on the masses of nascent NSs and the fraction of trans-
ferred matter accreted by the NSs. If the conversion does not affect binaries systems,
LMXBs evolve into qLMXBs. We find that some observational properties (spin pe-
riods, X-ray luminosities and orbital periods) of qLMXBs are similar with those of
LMXBs, and it is difficult to differ them. If the conversion disturbs the binaries sys-
tems, LMXBs can produce isolated SSs. These isolated SSs could be submillisecond
pulsars, and their birthrate in the Galaxy is ~5 — 70 per Myr.
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1 Introduction

There are currently 2010 known (published) pulsars.! They come in many different
flavours or types and include millisecond pulsars, binary pulsars, transient pulsars and
magnetars. They have been detected through their pulsed emission at all wavelengths
from low radio frequencies to gamma rays and their pulse periods (P) range from
1.4 ms to nearly 12 s. Figure 1 shows the distribution of known Galactic disk pulsars
(i.e., excluding those in globular clusters and the Magellanic Clouds) in P and P,
the first time-derivative of the period, with different classes of pulsars marked. Most
“normal” pulsars are in the central island with periods between 0.3 and 2 s and
P ~ 107, Millisecond pulsars (MSPs) are in the lower left corner and have P values
about five orders of magnitude smaller than normal pulsars. Several interesting classes
of pulsars lie in the opposite corner with long periods and rapid slow-down rates.

In this article I briefly describe some of the more recent searches for pulsars and
the current pulsar timing array (PTA) projects.

2 Recent Pulsar Searches

The benchmark for pulsar searches is the Parkes Multibeam Pulsar Survey (PMPS)
[10]. This survey used a 13-beam receiver on the Parkes 64-m radio telescope with a
288-MHz bandwidth centred at 1.4 GHz and covered a 10°-wide strip of the southern
Galactic plane from | = 260° to [ = 50°. The survey was outstandingly successful
and has resulted in the discovery of more than 770 pulsars, including RRATSs and
other pulsars from various reprocessing efforts [8, 4]. A new survey, the High Time
Resolution Universe pulsar survey (HTRU) commenced recently [5]. This survey
uses the same receiver system as the PMPS but with a new digital filterbank system
providing improved time and frequency resolution. At the time of writing, a total of
33 new discoveries have been published, including 12 MSPs, showing the value of the
increased resolution [6].

1See the ATNF Pulsar Catalogue at www.atnf.csiro.au/research/pulsar/psrcat/.
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Figure 1: Period — period-derivative diagram for Galactic disk pulsars. Binary pulsars
are marked with a circle around the point and several different classes of pulsars are
marked with different symbols.

A seven-beam multibeam receiver with similar characteristics to the Parkes system
was installed on the Arecibo telescope in 2004. The PALFA survey is using this
system to survey low Galactic latitudes accessible from Arecibo [2]. The discovery
of 21 pulsars has so far been announced, including an interesting MSP in a high-
eccentricity binary system [1].

Somewhat unexpectedly, the Fermi Gamma-ray Space Telescope has been very
successful in identifying previously unknown pulsars. Many of these have been found
in deep radio searches of unidentified gamma-ray sources [7]. Most of the pulsars
found in this way are MSPs with more than 20 discovered so far. Direct searching
for periodicities in the gamma-ray data has also been very productive with 33 found
so far [11]. Most of these are young normal pulsars as it is computationally difficult
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to find previously unknown MSPs in the long Fermi data spans.

3 Pulsar Timing Arrays

Although pulsar timing has many applications, here I will just discuss the pulsar
timing array (PTA) projects which are a major focus of current pulsar research.
PTAs aim to make precsion timing measurements of a large sample of MSPs with the
aim of detecting correlated fluctuations in the timing residuals of the different pulsars.
The main goal of these projects is to directly detect low-frequency gravitational waves
passing over the pulsars and the Earth. Such gravitational waves are expected to be
emitted by binary super-massive black holes in the cores of distant galaxies.

There are currently three main PTAs: the EPTA in Europe [12], NANOGrav in
North America [3] and the PPTA in Australia [9]. In total about 40 MSPs are being
regularly monitored by these projects; Figure 2 shows the sky distribution of the
PPTA sample. Regularly sampled data spans are now about six years for these PTAs
and, although gravitational waves have not yet been detected, the limits are placing
important constraints on the source models.

RA=24"

Y PPTA pulsar

O P=2ms
OP=5ms

Filled: $1400 > 2 mJy

Figure 2: Sky distribution of MSPs suitable for PTA projects. Those being observed
by the PPTA are marked with a star. The dashed line is the northern limit of the
Parkes telescope.

Data sets from the three PTAs are being combined to form the International
Pulsar Timing Array (IPTA). This will increase both the number of pulsars and the
number of timing observations, leading to increased sensitivity for the array. We hope
that in the future other PTAs will form and join the IPTA. In particular, we hope
and expect that FAST and other large radio telescopes in China will form the basis
for a Chinese Pulsar Timing Array, and contribute to the goals of the IPTA.
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Table 1: A T4 el AFPTAZ S X o) BRI

| PTA groups \ r=0.49 \ r=0.01 |
PPTA(2006) [4] a<—080(3<—1.80)] a<—0.71 (< —1.71)
EPTA(2012) [5] a<-082(3<—-182) a<—-0.73 (< —1.73)
NANOGrav(2012) [6] | a < —0.82 (< —1.82) | a < —0.72 (3 < —1.72)
Completed PPTA [4] | a < —-0.93 (< -193) | a < —0.84 (5 < —1.84)
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2 AT WY R ?

S WAHBEAEH HEfEH IS, fif i EH AR 282 FO3) % (QCD) .
JVEHTIE B AT AL QCD I A 47 T =i se I %, (HAKEEQCD— E Bk ki 74
AR, HMRAMR S “thad 224 mBl” ~ — (Yang-Mills Theory) FHIC, —LEiE
AL QCDFL I 1 53R B LA AL W) U % FE I 5kl & S Hla BN (ATREL < ag < 2)

SRR FEA G 5 50— & N AR 58 1 9 LU 5 v [ BH R o] DL CJ ] 32 25
T 1, AARE WM ES K, 2, QUDEN ARV E EwA) o BT,

TATANTEECE 2N AT RES B Ku. dv s el (K1) , ERWNER =
SECHATLUNG6, 120 1855 . S LRI A E FR AN HAR, i3 Eq1n]
FARS MR T IR B A TER BRI E R REI KT8 Rl A 5 e S AW i
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SIHEMIE (K2 WIS, BEARRITE S o B oR4al, JXLEHER D)+ kR
A N SRk R A R R I AR g . 2R A SRR B U HEER bk e
RRRMW D= w A A, HEWHE P AR RESAE - HEA SO INEE .

3 4
TR T Ikt 2 10 25 ORI, A Sk ot 2 Sk 1 i S R T B < ek
BR” B EER A S s s w7, AR EE SR .

VEB BTk e s AR BB J SLAR A 56 s B 22 (O AIF 9 18 e v o WA N 3=
Ji: http://www.phy.pku.edu.cn/~xurenxin/index.html. XIS 5
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fk i 2 BIA B E] (Time of Arrival, ToA) MM 5 &40 )L H BTN kb 2 ik sk
P35 e LB S S Bk vh o B RE A LA H 8 TLAE IR 3RS — RS To A sl il
DL SRR 5 Mk 2 1 18 S AN Al R AR BRI S o kv L 3034 B Ta) 000 T L R SR Ao
kb L BB AR E M CROAS R U R AR R R) e 35 ) L AR VAT 2R AL B 25 1) H 1 1) 0
Hiv Bk RIS SEEE S BT S BRI OSUR 6 B34 B TRDUEIN A DL kel & A1 2 1
i, RKEZEPP KR I B R Ag 2R N, AERE e, 1 H Kb hkb 2
MFXERGH, FtZ R kb B o] CUEVE SRR AER B, b m] DL RSO0 38
tho HIFRkME BB R, HAAR W EEERE, XFEXUE R G0 LU R 56
J7SCAHRS S o ik R BT B TR) b v DU SRERIN 51 3% SRS BEAT ST gL
Jok A [ B oy RV () I TR B v o

B 8% K S & M20004E JT 46 48 111 B 1112524 5 Hi, B2 320 5% 3k 47 ok o A2 3] 32k i) 1)
W, 20104F FFab A8 B ke 28 4 (Digital Filter-Bank, DFB) 1 A %4 ic ¢
. AU A AR ZE R S SR S A S 2 i R PR i WL 4 B

2 BEathEaR

A L 25K 5 Ha B 378 5% M20004F 1 H JF 4 ik vl A2 210328 s ) 08000, B0 A8 48 1 2 i v
FEWHL, TSR A 1540MHz, 5 %% N 320MHz, FRAY I R] k1673 41 () 2 48 R AU
FE~0.4mIy.  M201051 H 46 R H DFEBAE AN i il & %4, DFBRHFPGA (Field
Programmable Gate Arrays) £AK, BEXTWMIBEAT ZFACE . TATWN B DFB#
B ON512MHz, 10244 38, BN T8 38 197 58 /£0.5MHzo K5 ik o 22 56 5 1) ot
55, WUIELA>IEE] A4 — 16 434, SER R RE ORI — vk LI S A
FPSRCHIVE FMITEMPO2E /T84 402 . T DFBE A 5 4F 1 75 (85U BE Al
FEERAE, 15 R 1L 25K S B S % A U B 300 Uk v A, AU RO B ik ik A
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2 1. J\JUN H R 3 S e bk 2 Y 8 e 23

PSR J v Epoch  Data range = RMS
(Hz) (x107P s72)  (x1072*s73) (MJD) (MJD) (us)
0534+2200 29.7021756869(3) —3706.7919(6) 11470(3) 56015  55925-56126 156
0631+1036  3.4745192097(2) —1264.293(17) 71(6) 55915  55707-56126 1694
0659+1414  2.59794675570(3) —370.9272(12)  0.12(17) 55650  55202-56126 1196
0742—2822 5.99622971186(11)  —605.240(4) 3.1(7) 55650  55202-56102 1822
1730—3350 7.1685291201(8) —4354.75(3) 12(3) 55500  55012-56102 8426
1801—2451  8.002654070(3) —8184.4(4) 472(20) 55650  55666-56127 1620
1835—1106 6.0270662649(6) —747.87(3) —42(4) 55750  55307-56129 4730
204342740 10.40245141153(15) —133.408(13)  18.5(12) 55580  55202-56102 1154

2.1 =Mk AE

9 1 25 K 5 H B e B I B LU= A ik b 2 . PSRs J1022+4+1001. J1518+4904.
J171340747. J1643—1224. J1600—3053. J1744—1134. J18574+0943. J1939+2134.
J2145—0750, HA'PSRs J1744—1134 F1J1939+2134 &8, HAb-LEHER A T XU
ARG, X UK R T PSR J1518+4904H 4y )i #l )& T'PPTA (Parkes Pulsar
Timing Array) KDY H AR, L 25K 5 A1 B e B 00 1673 #0143 2PSR J1600—3053
M5 55059, RIS BR A e B R 29 410, 9 A )\ bk b A2 1) Jhk b 46 J3 155 e B K 24
FE15~50 Z [A) o Kb —4F i [a) U 75 3] (K To ABEATHLE I 1 3134 15 ] RMSH 2 f /s
KU o B IR e b SR A6 ) SCAIXS S AR 5| J39p%, T 22 58 K ) S
A BB A5 sk LU B = R

2.2 S E MR A 2R ik b B

H iy O & & ILII2000 % Fiie #e it ge ik b A2 v, K2 B0 AE ST ek R f e i, A2
Bkt B 5 S A e A Rk RE, BLEE T WOt XBTER AL A 2k . 2 A AET
B KA B 5 28 R X B B 2008, HEAF I KRBt 88 (Large Area
Telescope, LAT) W& 3G I0 1 N5 ek AL E R, F201249:1 1 S rH4R M 2101
Wi, A s6RlE QAN ER S KR, 27HE S =R S ke A, 3 PiEE
FHAEEEX SRk 2, 53 A 3550 e 1 ok 0 34 5 2 k2 I ik 22

ER ST KRB 2 0, ARG AE RIS H kb 2 BIA W] R 2 v, E 2R
H e BRI P ko R AT BRI TR I, 4 ZOR A o e s e ik 2 % . B
R EWIABCIBEE, %J38 Wikt A 34T 2R R I . 151 H TR 125 KETH
S B (r Hrh 8 MU F R AN P S R Bk b L B AR S X )\ et AL B T PSR
J2043+ 27405 BRI B AT A T B IAERAS o B T IS0 B ¥, FAT I [H] i
XHEATBAT VR ARSI, CUBFFEARATT P40 5 5 2 i 5 5 05 e vt B ARk A LA
AHORVE,  SE L IR B A DK b A2 X R SR AL
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2.3 WKL

JAWIERAS (glitch) S Bk AL E AR (v) SR I —FBLS . A FEHUR A
A KN AV /v ~ 107° — 1076, 107> & Z0 M R ERAS . Wl = W
FESER AR TR A AR AR R K AL . P L25 SRR S R e 1 212 4E A R TR
FI5045 K AR AR SHAE[L, 2, 3, 4, 5, 6], BEHIIN T IR SFERFEA, &
ML IR FIPSR. J1740-3015 fEMJID 55209(6) K4 —A KHIKAE, iR {k
HAv/v ~ 2.668(1) x 107%, MHE P SFEBABUE LAY /v ~ 2.2 x 1072 KRG
RAETIREWE LR, HTEMPO2U G153 2 ERAL Pk & I brrg ~ 150 K, KE TR
Q = 0.0083(5), AR KA ST BRI B A AR N—34r (~ 0.83%)
RAE T . JIAERAR = AENLHBEA S8 0 4, BRI S A e ik &L 1) 76 2=
RAETIAS, AR B RES BRI X EA TR LRSI 5E 2 (1) 5 15K
HTP 2 T FE AR A B T bk o B2 1) o SRR A R s R LA, DA PR b1 A S A 2 i

o

3 e

SRRk L) Bl B = kR AR e, A e kb R A R IHER AR, i HA
e o B LA EOR I BATIERE, DR T Jhk b A2 AT A 1) 210328 B TR0 00 = AT ]
IS HOEAEE A = S AR kb 2 BRI 8] (R RF 9T 28 BHAR 22 kb AL 1Y B ik S B
LA AR A B A i) AT (timing noise) o K22 B K
T AR IS () W S S AN B T P A ARRAEL g BRI ¢ BEMLAT BT R . X T ] R
FEAENLHIEATE NG . I8 2B 2 WG A RN 2 1 S 4%k, — S likarh AL R B
) e 5 ] e SR AN — PP L FE T o Il DA A H - 2 P SRR AR e ik v AL A
&) o W) E AP SRR A REE A BT A TR R A I ko 22 4
YIS REIERE o B L 252K S L BE s B U0 I 1) 30045 ik o 2 I B K ik 102 4F, 1R
2 ik 22 AU 20 B Sk (RTINS, R FRATTHR AL T ARG I AR AR

225 R
[1] Wang, N., Manchester, R. N., Zhang, J., et al. 2001, MNRAS, 328, 855
[2] Zou, W. Z., Wang, N., Wang, H. X., et al. 2004, MNRAS, 354, 811
[3] Zou, W. Z., Wang, N., Manchester, R. N.; et al. 2008, MNRAS, 384, 1063
[4] Yuan, J. P., Wang, N., Manchester, R. N., & Liu, Z. Y. 2010, MNRAS, 404, 289
[5] Yuan, J. P., Manchester, R. N., Wang, N., et al. 2010, ApJL, 719, L111
[6]

6] Wang, J. B., Wang, N., Tong, H., & Yuan, J. P. 2012, ApSS, 340, 307
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Glitches Detected in Southern Radio Pulsars

Meng Yu

National Astronomical Observatories of China

20A Datun Road, Chaoyang District, Beijing 100012
P. R. China

Email: vela.yumeng@gmail.com

1 Introduction

Glitches are discrete, step-like increments in the rotation rate of neutron stars seen in
pulsar timing observations. They have been thought to be probes to the stellar inte-
riors. Observationally, although an entire description on the timing residuals induced
by glitches have not been well realised (especially when timing noise contaminates),
it has been found that most glitches have shown the features of 1) permanent changes
in the pulse frequency v and its time derivatives; 2) post-event exponential recoveries
with timescale spanning from a few minutes to a few hundred days; 3) long-term
linear recoveries, i.e. a persistent increase in . These, for neutron stars, correspond
to the variations of the rotational rate () and its derivatives.

2 Observations

To further explore the distribution of glitch events observationally and the neutron-
star interior theoretically, the 64-m radio telescope that locates at the Parkes Obser-
vatory, NSW, Australia has been regularly monitoring approximately 200 Galactic
pulsars from 1990s up till now. Fig. 1 shows 165 pulsars that are in the sample on
the P — P diagram; data for the pulse period and the period derivative are from the
ATNF Pulsar Catalogue'. A pulse time-of-arrival (TOA) for each of these pulsars
was obtained every two to four weeks. Thus, by carrying out the 20-yr observing
compaign, an entire neutron-star rotational history of ~ 1911 yr integrated over the
pulsar sample was obtained.

thttp:/ /www.atnf.csiro.au/research /pulsar /psrcat/
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Figure 1: P — P diagram for 165 pulsars in the sample. The various symbols indicate
the pulsars where no glitches have been reported (x), glitches were observed in our
data sets (A) and glitches were reported before our observations (().

3 Results

Off-line data reduction has shown that 107 glitches in 36 pulsars were captured by
our observations and, 46 events have not previously been reported. We found clear
evidence for the exponential recoveries following 27 glitches. Moreover, the linear
recoveries were seen to follow most of the glitches. Numerical results, including the
pre-/post-glitch pulse parameters and the glitch parameters, will be published by Yu
et al. in the near future [1].

MY acknowledges the organising committee. The Parkes radio telescope is part of
the Australia Telescope, which is funded by the Commonwealth of Australia for oper-
ation as a National Facility managed by the Commonwealth Scientific and Industrial
Research Organisation (CSIRO).
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Discussion
Prof. Qiuhe Peng (Nanjing University):

1. Many years ago, glitches were only reported to occur in short-period pulsars.
What is the current distribution of glitches relative to the pulse period?

2. Are magnetar glitches different from normal pulsar glitches or are they similar?

3. For some pulsars, the fractional glitch sizes have been found to show some
correlation with the post-glitch intervals. Is this common?

Meng:

1. Currently, glitches have been observed in pulsars with a wide range of pul-
sar period. For instance, PSR J0537—6910 with period 16 ms and magnetar
4U 0142461 have all been found to glitch.

2. Magnetar glitches were generally observed by X-ray timing and they have shown
some interesting features. Pulse shape changes have been observed with the oc-
currence of magnetar glitches, flux enhancement has also been seen. Moreover,
magnetar glitches usually show large recovery fractions for exponential decays.
These were not commonly observed in normal pulsar glitches.

3. The correlation between the fractional glitch sizes and the post-glitch intervals
were only observed in a few pulsars, e.g. PSRs J0537—6910, B1642—03 and
B1338—62, and they are not commonly observed. One of the possible reasons is
that most glitching pulsars were only observed with a small number of glitches.
It seems that we need to observe more glitches to see whether there will be more
pulsars showing such kind of correlation.
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ki B IRANA - NAT TSI EI b B P S e A AR i Dl 1 o o AL 1~ 25 %
JEER i 4 1 JORT T B K rp B R R AL, RS ARREE AT R G L AR S5 K TR
EEN . 1F ANParkeshkit B I FE (PPTA, Parkes Pulsar Timing Array) i H f#)
RS, 7 2 Parkes64K S HL B2 170 455 0T 20 R0 22 F0 Ik o 22 05 A 7888 Ay A8 1) 00
20044 HHTT a6, — ORI BERS = AN BT — ORI . MIISIE, 5 o ()15
SRS T JLIRF o BEATIX LRI ) A H AR I R R K R T
KGR 51 33, (HWARZ g0 Hiw, ALFE0E B0k 22 347 Dk 4 S5 P o 1)
Wot. A FIPPTAZE &5 & F 4wl (full-polarization) Fxtidsk, AL Al Lk
AT ENR, 38 AT LLEAT DK i S P T ) P A 7

2 SRk h A 1K U e F

Yan et al. 2011a JE7r 1 2000 MKk eb 2 i w58 58« A2 F) F Parkes K3 5 64K
ST BT, XL E Parkes ik 2 THINBE (PPTAD 10 H B4 053

T IS R G 52 22 D RSO, R iR R 1369 IR 2%, bl R4 J&Parkesf
TR E BT IEAELR S (PDFB2, Pulsar Digital Filter Bank) o Kl AiX &)
DAY BRI IS TRAR G, P DA J 28 DA 2810 1) O e e 0 7 AR i 1R 45 18 B O HLRE 7
T AR 2 LR AR 2] (%8 BRARFAE AT L3RR 22 PR S 5 K kel L3 — 2

XP20F A0 ik b A ) R 2 H0M T, B R AR AL I A2 4 P B 1) 22 Ak 2 1R 2 %
(1), Aw3RAL B A R AT S I R A, AR, ke 2 B iR S
W ke CIEZZ APk D R AR, IX B PR 2R ik o S LA S A S AL o
SEAH AT o AHATT ) 5 SR S RF 22 0 Ik v 2 1 S r e S RS T B 2 A e o ) W
K SRR SR XA PT 8 SE AT e R AR XSRS 2 MU 5 S 2R A X o ABATTIRTF 3] T 20 B
ok R b SR e i 1, L SR A I RMAE 2 IR AT K . B 2 1)
e {7 W LU R 22 R Ik o 22 AR 8 86 1) — S 7 491
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Figure 1: PSR J0437—4715/E1369JK 2% ) Hi 48 )58 . B R I—#B4r £om: Sk
FEI CHISEE) , iRl (A8 KEMmAR LY () Mlknhie
Jo  HH RIS A0 A2 X kP e B PRI O o i LT — 35 4 R R A PR A

3 VEPLSE e mRMBE N ] H) 22 4L

ok e A2 A B 7 A7 A I o (18 2R A T S K A R PR S A B 1 Ak e P A 2 AR
GRS, A AT R S A% R A2 L ORMA A A R o kb A2 1 %l 1)
gy, KRR R SR [ AR A AR Al RE 5 AL ) 3t A B A A AR A . SO bk o
PR e AN R PR R B A o DI, m o sk B R R AR B AR, DR A
51 B R T AR Y, W SHERMMAZAL . Yan et al. 2011b #i7 T
FE20 22 A0 K A2 ORI 81 P~ 245 i e (07 . AR A B 3 i 285 T e B RV (1] £ A2
it e AATT A BB L 2 2 o ol 7 T (R A RM I AR A EE A o R4 3k
R JZE IR 5, RMBCH B W I AR A A2 4 o

4 4w

AR fa] B AR 1 T PPTAL H X205 2= #0 ik v 2 10 (s = 08 0 25 3, B T PPTAMIH
W BT AUE R A T AU, BT BA S DLAT R R A2 B T A L A 2 1Y
PR 6 R ARk A IR E S e b . [R) IS A 2000 2 0 ik ph ERMIIWF 9T R B, IX
SERMAELT 5 I 8] P B IH 5 A K B b R ARk a3
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PR, ORI I LA, RAE A Ao i (AR ] R Sl R R, R
JERRAG . BT AAFAE— NI B N I HEAT TR B ok 2 ORI, R I
AP AR AES00MHZ PRI, AT LK I £ 25 230055k 22 o #4848 FHPSRPOPM ik i
FIRRBE A . 8 T 5 Lorimer et al. (2006) F1Smits et al. (2009)2 314 [&] R
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Abstract

Investigating the distributions of binary pulsars in globular clusters (GCs)
and galaxy disks (GDs), we find that most of them are located in the mil-
lisecond range. The statistic of their spin period, magnetic field, eccentricity
and companion mass show their differences. It is deduced that the dynamic
mechanism is complicated for forming the BPSRs in GC than in GD.

1 Introduction

A binary pulsar (BPSR) is a pulsar (NS) with a companion as a white dwarf (WD),
neutron star or massive star in the binary system. A normal NS is always with the
magnetic field about 10'2713G and spin period about 1 — 10s. Until now, it has been
found 186 BPSRs, whose companions are white dwarfs (170), neutron stars (9), main
sequence stars (4) and planets (3); 136 of them are millisecond pulsars (MSPs), whose
spin period is always less than 20 millisecond [1]. In a binary system, a MSP with
the magnetic field about 1087°G can be formed with the accretion mass no more
than 0.1 ~ 0.2M; from its companion [2, 3, 4, 5] during the evolution. When the
accretion phase finished, the radio emission can be detected as MSPs [6, 7]. A single
MSP can be formed because of the evaporation of companion by the MSP radiation.
In the globular cluster, there will be a more complicated case: a companion can be
disrupted by encounter with another star. In addition, the BPSRs are significant
systems for testing general relativity effects, e.g., the gravitational-radiation-induced
orbit shrinking, gravitational red-shift and Shapiro delay [8], based on which the NS
mass can be measured with high precision [3].
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Figure 1: The magnetic field versus spin period for 186 BPSRs (both in GCs and
GDs). The stars denote the BPSRs in GDs and the dots denote the BPSRs in GCs.

The spin-up line equation is Py = 2.4(ms)BY (M /My)~>7(M /M gad)~* "R [4)].

2 Distribution of BPSRs in the B-P diagram

There are 2008 PSRs: 143 PSRs are in 27 globular clusters (GCs), and other PSRs
are in the galaxy disks (GDs). Among the 143 PSRs in GCs, 75 BPSRs are in the
binary systems, others are the isolated ones. Fig. 1 shows the distribution of BPSRs
in GCs and GDs in the magnetic field versus the spin period diagram. It also give
their positions to the spin-up line and death line in the figure. The majority BPSRs
are located near the millisecond range especially for the ones in GCs. We give the
histograms of BPSR’s spin period, magnetic field, eccentricity and companion mass
in Fig. 2. The eccentricities of BPSRs in GCs are larger than the ones in GDs. It
is believed that the interaction between binary stars and single stars in GCs is an
important impaction on the forming of binary system due to the interaction may
provided a substantial source of energy for the GCs., as the binding energies of a few,
very close binaries (such as NS binaries) can approach that of a moderately massive
host GC. As a dense population of stars, globular clusters are the scene of many
interesting close dynamical interactions between stars.

3 Discussion

In binary systems, majority PSRs have spin period of about 30ms and magnetic field
about 10%5. A part binary PSRs have the magnetic field of about 10*?G. When we
statistic the BPSRs in GC and GD, their spin period is the similar distribution whose
peak is around 2.5ms. But the magnetic field, companion mass and eccentricity are
different. PSRs in GC seem to have low and no apparent peak magnetic field. 90
percent of their companion mass are usually less than 0.45M. And their eccentricities
are higher than the PSR’s in galaxy. The average companion mass of BPSRs in GC
and GD are 0.23M, and 0.82M, respectively. The one reasonable interpretation
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Figure 2: Histogram for BPSR’s spin period, magnetic field, eccentricity and com-
panion mass. It can be seen: for the BPSRs in GCs and GDs, the spin period and
companion mass are similar distribution; while for the magnetic field, the statistic
of BPSRs in GCs seem more gentle than the ones in GDs, and the eccentricities of
BPSRs in GCs are larger than BPSRs in GDs.

for these might be that about 50 percent PSRs are involved in the capture events,
science the long-term accretion of recycled PSRs tend to be from the circular orbits
with various orbital periods.
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J1713+0747 UTC(TAI) UTC(pks)
RA 17:13:49.5325450(9) 17:13:49.532552(2)
DEC F07:47:37.49987(3) | +07:47:37.49970(6)
FO 218.81184044143622(9) | 218.8118404414349(2)
F1 ~4.08389(3)e-16 ~4.08359(9)e-16
RMS (s) 0.209 0.687
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