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Part 1: Pulsar Timing - & . .

/ / Introduction
v/ / o Pulsars
*/ Pulsar evolution
‘Binary Pulsars
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_ | Research ‘
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o \ o L Neutron stars L s R |
: « Dense w1th powerful magrfetlc flelds i
4 ‘ | e ~10km radlus w:th ~ 1 4 solar mass '
/ S Beamed radio emlssmn o 4 ; ;‘ ) ':-; “
. From~magnet1c lees : j '
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. .+ * Powered by rotation..* = . o W 1R A
* Rapid and stable rotatlem SR - T SN
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: v . « Radio-loud
. . ' » . ; o 10 | poa
Pulsar Evolution =
s ) ' ' : % ; gt 53 = e » Radio-quiet

SGR/AXP

« Pulsar “P - Pdot” dlagram z
«. Pulsars born in core-collapse supernova "* - ¢ £

* ~0.1-1second periods . : SRR ~f,.""_ ~

 High spm -down date ¢ A ".. =
« Evolve through cluster of ¢ normal” pulsars LA

‘!
. Lose rotatlonal energy unt}l emlssmn shuts fo ‘
* Enter the graveyard _' : ;
) . . 'o “‘
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Next: Binary. pulsars
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Seha y '~ "« Pulsars can be recycled! With Roche-lobe overflow .
SN T ‘ : " . £t P b .- - : -
~« Millisecond pulsars are “spun up” P
R - Often qbserved in bmary with wh1te dwarf =
) .+, ..companion . - & : -
i L.+ Asfastasablender" s j
-+ Relativistic binaries, e. g R .
3 ' -: Neutron star - Neutron star  *~ . - “a
o “ PSR J1141-6545: wmr,e dwarf companion
; formed fipst = R : :
o T ol - '~ . . Next: Pulsar timing



Puls‘ar‘ Timing -

. T1m1ng model predicts pulse arrival tlmes
Includes: : S SRS
* Spin (period, period-derivative). | %
. :Astfometry (Position, proper motion, par‘allax)

Al

. Blnaryorb1t~ ‘ S s

“ . D1sper510n measure (frequency dependent delay
~.from electrons in lnterstellar plasma)

\

: Solar sys’cem ephemerls Syt i e
. T1m1ng reSIduals ' :

. leference between model and observatlon R,

‘A.
N X
: X L : » ; . S o« 3 & X
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Pulsaf Tlmmg Arrays (PTAs) L]sed as Galactlc scale

grav1tatlonal -wave dete.ctors
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Pulsar timing residuals
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Shapiro Time Delay . A

. Gravitatidnal time delay effect -

Timing residual (8
S o ©
e
-
-
R
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Increased path length .~ . i 0 f ' &

30 &

. Useful measure of compamon mass and { s
orbltal mclmatmn P s - A e ¥ e

&l Can then fmd pulsar mass SoaR R o) RPE SRR AT i |

. Y . \ : JR Cbhlp v.anu ns)

. RS ** . Demorest et al. (2010) s VRS

ST — e e Next~T1mmgof;10437471



10

. Nearest and brightest 'mi'lli'second pulsar
« ~22 vyears of regular t1m1ng observatlons w1th

Parkes 64m radio telesc0pe A M g | |
-+ PPTA second data release / R
2 Requ1res complex timing model i
» Has lots of noise!! ' ¥

¢+ Dispersign measure (electron column denSIty)
: varlatlons ;

y Intr1n51c spin noise -

"« Pulse shépé vériability | : epoudneRedel o L L L L, L bt e s ]
_ ' ; B . 1995 2000 2005 2010 2015 2020
* * Pulse shape change event , R (1t Veor
ol Al AN gl G , S e T1m1ng residuals. (dlfference between data and
« /Characterise noise simultaneously with timing model . = . , Lo ..«" - model)
A s : ; L AR ' o " 'Red: 700 MHz :

’ ' 7 _Green 1400 MHz.
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Mass (M,

From OzGrav telecon presentation by Theo Motta
(Umver51ty of Adelalde)

vo.. One' of. our best opportumtles for measunng

the neutron star eduation of state

2 .
\ Vb,

“A two- solar—mass neutron star medsured usmg |
Shapiro delay” Demorest et.al. (2010) ¥ 'f N
2500+ citations ° ‘ R “ T

G
“A Massive Pulsar in @ Compact RelatlelStlc X
Binary” - - Antoniadis et al. (2013) ‘.{“' RN

.~ 1500 c1tat10ns B

.“

“GW170817: Measurements of Neutron Star Radn

and Equation of State” - Abbott at_at (2018)

~250 citatjons:; < u T T Nlans R RU
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n : .' .. F : .* ‘. _' X "" ‘.' > S ‘ - ' _ < ¥ .._." ‘.
.' . XSA mission 'to explore neutrOn star
n mterlors B ' : :

X ray tlmmg and spectroscOpy

(':e" € qvl‘ :
., ""'g : Measures neutron Star rad"

e ‘Modelhng X- ray llght curves

‘-'Requwe distance, pulsar mass and orb1tal
*inclination from rad1o pulsar timing

e 'Prlmary target is PSR J0437-4715 .

e )
.‘ 25 ¢ ." i ‘\

N

© Credit: NASA



“If the mass of a neutron star and the pattern of radiation from its
surface are known accurately a priori, NICER observations will
achieve an .accuracy of ~ 2% in the measurement of radius.
- (Gendreau et al., 2012; Bogdanov, 2013). In practice, the
. measurement will be limited by uncertainties in these two
requirements The uncertainty in the mass measurement of
NICER’s primary target, the bright pulsar PSR J0437-4715, |s 5%

/ ,-" e

(Reardon etal, 2016)"

| - Watts et al. (2016)

——— ‘ WG - | Next: New timing result



New Timing Results for PSR JO437 471 5 == =

0.23 1 M'
.'(I #.'
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3 ‘ .‘ < . . o :.. % LI

« * Measured noise and tlmmg model parameters 5
% N .

simultaneously in a Bayesian analysrs LR ,juf

o Compamon mass measured w1th Shaplro delay "

. Inclmatlon, angle 137 496 + 0. 005 degrees:““- o ‘_':"‘jvf‘::'%-:_‘;,‘.

. Compamon mass: 0. 2205 + 0. 029 solar mass. gL e

““\ "A:,‘\,;\_.-.; STe 5

. Pulsar mass 1. 411 ) 030 solar mass
' S .1 .'f: ; X
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ShklovsI{ii effect

Remarkably prec1se distance measurement
from orbital period- derlvatwe

"D =157.01+ 0.10 pc

ity Useful for single- source grav1tat10nal

wave searches

First-ever radlal veloc1ty from second spm
period-derivative .

V.= -75% 15 km/s

OO0

2000

1000

B Observed

Kinematie

" Next: Scintillation
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Part 2: Scintillation: Fhe dynamic specttum -

Introduction® .. . *

Iomsed Interstellar Medium: (IISM)

Interstellar scintillation =
Observmg pulsar scmtlllatlon

Research y
'Modelling long-term scmtlllatlon of
relat1v1st1c bmary PSR J1 141 6545
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 lonised Interstellar Medium. (IISM)

Wisconsin H-Alpha Mapper (WHAM)

Warm plasma phase
Turbulent

» Energy-cascades from large to smaller
spatial scales

Free electrons scatter radio waves :
lefractlon occurs on small spatlal

" scales

Refraction occurs on larger spatial

“scales

Scattering often dominated by one, or
-a few, intensely turbulent regions,

Extreme scattering-events (ESEs)
(mterstellar tornados with ~AU scales )

Next: Interstellar Scmt]llatu



Interstellar scintillation -

. ‘Scattered wavefronts .interfere

Spatially coherent
radio emission

* Scattering is frequency-dependent
« Interference pattern drifts across telescope. ‘

- Drift velocity depends on line-of-sight - ya S
velocity through scattering region . ¢ @,/ medium (IISM)

L5 ' ’ . Viisn
« Transverse velocities of pulsar, lISM, and-  [FRESSEERS

observer . ' . pattern Distorted and frequency-

dispersed wavefronts

* Pulsar timing sensitive to radial motions N |
. - . Vie= Vea/(D,/D)

Vc-j(l)s) (Dy/D)Vg 4 (1- (D, I)))Vl' - Viism

Next: Observing Scintillatic
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Observing pulsar scihtillation - | "
Autocovariance | ; Pulséf flﬁx chaﬁge§ as a’

~function of observing
frequency and time *

Characterlstlc scmtle from *
-.autocoVarlance function

Decorrelation. bandwrdth ( f '
- . ‘order MHz) , ol

Depends on spatlal scale,” &
» . scattering angle and strength

_Scmtlllatmn timescale"
(of order mins) -

¢ Depends on spatlal scale' and ;
‘ veloc1ty of the [me of - s1ght |

MHZ

ay

-
>
-
>
b
<
S
2
<
-
“

Frequency

200 300 400 300 4 30 2 -10 0 10
hime (mans) Time lag (mins)

Dyhamic spectrum of PSR J0437-4715

Next: Scintillation of PSR J1141-65
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. .

Ord 3 al (2002) modelled a smgle 10 ~
hr observat1on of: thls pulsar .

Measured mclmatlon for the flrst t1me

New const‘ramt for testlng general .
relat1v1ty and estimate of mass

Scmtlllatmn veloc1ty « 1/ t1mescale

Modellmg w1th lme of- Slght veloc1ty

RN s = Cont e Soman Reardon et al. (2019)

Next: Long-term Scintillatic



Long-term scintillation of PSR J1141-6545~.-. . . -
MJD 56205 MID 56300 /i ShRL IR e N
%?88% M“ | : . -‘ ~§\//\ee:rssu][§? ;Sclangylat;og arameters over - 6 |

+ Scintillation® veloc1ty

MJD 56571 MJD 56668

\Uj::300' "1 : . 3 . ’;. ..'n : ‘e pR, . .‘
& 200 N . | 3 Sensitive to anisotropy in the scattering :

P 100\ ‘ ‘N RERRE . AsSuming isotropy introduces biases

= 0 . . ol : . : - > '

. Observed annual and relativistic varlatlons

MID 66961 \MID 57044 | b ;m scmtlllatlon timescale . 2
: ; Mo,re degrees of freedom in data!
_&! - " - ©+ '+ -More measured parameters!!
.+ 6 o0 2 4 & e YN .
Irue anomaly (rad) I'rue anomaly (rad) 4 \;'ﬂ’(s) _ (l - S)(\p i ‘“) + sVe — “'llS.\l(-S')~
Reardon et al. (2019) LD G aEnenNE L WY o oon T s
S S . ; : B - Next: Long-term mode
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Long-term scintillation model

- -

N N

o 5 )
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Longitude of §

» Near-independent measurement of relativistic 3 _
periastron advance! : : é =i Tl

- = Timing

* New method for estimatin'g distance

- Rt : " 5800 55500 500 56500 57000

- Improved measurementof trans_verse.velocity
*- Firsts (only possible with long-term study):
* Estimate of proper motion in (RA/DEC)

Reardon et al. (2019)

« Sense of inclination ( < 90.degrees)
* Longitude of ascending node Q R

- Prediction for contamination in relativistic orbital
period-derivative measurement from Shklovskn
effect (only 1%) -

7

Techmque applicable to almost any bmary pulsar 0
not  just relativistic ones SERER




- Part 3: Scintillation: The secondary speetrum

‘Introduction T
Delay~Doppler distribution and arcs

Arc curvature var1at1ons

Research |
Long -term scmtlllatlon of PSR
JO437 4715 the other prec:se pulsar
s - science



Seconcary Spectaum Scmtrllatlon arcs dlscovered by S T
Stmebrmg et al. (2001) = R

 Fringe pattern'in dynamic S|5ettrUm S
becomes a parabola in secondary RN e
spectrum : B

Delay (us)

Frequency (MH2)

Curvature is 51mple to model' X

-5 0 -
Doppler Frequency (mh2)

Dyn‘amic spectrum of PSR J0437-4715"" .

v N

‘e

: ST o ~ _ = ‘ — Next: Cury,atu-re measurement



Curvature Measurements .

« Independent of strength of Scattering variations

 Much more stable with time than the

“scintillation velocity” technique e
+ For PSR JO437 4715, th]S is the only method we
can use to model the scintillation °
- Measured for ~1500 arcs over ~13 years!! . U re—
' : . Doppler Frequency (mHz)
— g Ne'xt:.,Modelling curvature for J0437-47
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. J 4 .

Velocity model . *= .= " - & e i EEEREE

Previously-unknown application of the Parkes Pulsar
Timing Array (PPTA) data '

Competes with timing precision for longitude of el ° %ﬁt 7 y J , k gﬁ‘%
ascending node ¥ '”’fﬁf Y W ‘ g; L' 'ﬂ! {7‘

- O =207. 2 +0.7 degrees (arcs) '
L - Q =207. 0+ 1. 2 degrees (Tlmmg, Reardon et al. 2016) . .

Impressivemclmatlon angle preCISlon A 0.02 g 0.02

0.025

0.02

53000 53500 54000 54500 55000 55500 56000 56500 57000
MID

% 0015

» i=136.1+.0.5 degrees (arcs) : S inEy “ o N or_,,.'“
Dlstance and veloc1ty of scattermg plasma RES : | 0.005 " 0,005

+ D=90.6+0.7 pc., | | |
¢ V= =109 £0. 8 KT/ S5

(¢

. ‘\

oy «31 7+07km/s

. R A . - —— e e




Second thm Scatter.mg screem e
A 4 -9Rm/s L |

'.‘:b’ ‘! 2 O : A, s v

g !y Y. 9% . . . -"

% 53000 53500 54000 54500 55000 55500 56000 5 R X .V 47 e 8 km/s ERSIR TRy A g ,

\’l[) - Xk A ! ' ' . e < : “ .

0.01;

Some ev1dence for at least one more scattermg

., screen }" i e SO

Prec1se measures of dlstance and veloc1ty allow :
us to search (o] g the source of the scattermg '
.‘ A : ' \\ : ‘ : . 2
<X23 SIS S ° :
: : ok . : Next: Summaries



o Secondary spectrum

- Solntlllatlon I\/Iodellmg Summary

. Long -term is key! | e e
« - Annual variations . R HEE
- . Time-variations in properties of [ISM »
* inclination angle (mass constraints), proper motion, and
3D orbital geometry : :

* . Dynamic spectrum:
« Al radio pulsars scmt1llate Most have useful dynamlc
spectra : :
»  Widely applicable, but sensitive to changes in IISM

-

*  Arc curvature precise and stable'
« Independent-of scattering strength
 Applicable to fewer pulsars (but still many!)
«  May require tuning of observations’

.+ Canimage the scattering medium

These are brand new techniques that can be used on
existing data. Almost every pulsar I’ve looked at is

OV a w e i i SN

Scintillation velocity

Arc curvature



Summary Synergy and Future Prospeots

\; ;"~ '-! - 1.

Pulsar Ttman, known as a precise science. | N
(New mass of PSR JO437 4715 measured to 2% for equation of state constramts)

_ Pulsar Scmttllatton more sensitive to transverse mottons X A
(proven to give prec15e measurements of IISM btnary, and astrometric parameters)

Ttmmg, + Sctnttllatton Ablllty to’ model full 3D geometry of bmary orbits (e.g. PSR J1 141 6545) i
and best chance for measuring astrometry (proper motion) = _

Future Wide observing bandw1dth mstruments like ultra w1deband receiver ‘on Parkes and
- MeerKAT telescope are rdeal for scmttllatton studtes

Wlth thousands ofﬁscmttllattng pulsars and hundreds w1th eXlStlng data
' - - spanning years:,” 7V
ThlS is sure to reveal some exc1t1ng and unexpected results'



