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Pulsar timing el

Mass
~1.5 times the Sun

Solid crust
~1 mile thick

\ Diameter

~12 miles

Heavy liquid interior
Mostly neutrons,
with other particles

PSR B1257+12
P = 6.218 ms

relative flux




Pulsar timing: “Pulsar
_machine”

PSR J1813+1821
P = 336.418 ms
DM = 59.5 pc/cm®

e ren

PSR J1908+2353
P = 377.581 ms
DM = 102.0 pc/cm®

relative flux

PSR J215142317
P = 593.534 ms
DM = 26.0 pc/cm®

PSR J2155+2813
P = 1608.733 ms
DM = 85.0 pc/cm®

The Penn State Pulsar Machine 1l (PSPMII)
a 2 X 64 x 3 MHz filterbank




Pulsar timino
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Pulsar planets

Wolszczan & Frail, Nature, 1992
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Orbital elements

C

Semi-major axis 0.19 AU 0.36 AU
0.46 AU

Orbital period 25.26 days 66 .54 days
98.21 days

Eccentricity 0.0 0.0186
0.0252

2.5 0. Period commehStrrility: % Ve

3 Periods of planet B = 2 Periods of
Planet C




Varirations
of orbital
elements

K =eCcos(w




Time OF Arrival, Keplerian

At = x[(cos E — e) sin w + \,1 — e*sin E cos @]

where

x =asin ilfc, E —esin E = n(t — T),




3-Body Problem

Osculating orbital elements

a(t) = ad + Aaft), A{t)= A2+ AA{t)

hit) = h + AhjD), ki) = k§ + Akj(t)

Hamiltonitan of the system




3-Body Problem

I i M.a2e. Oe.

piM;a; 3%‘ Mjﬂffja? (1 + \/!1 — e?) 36’-»;‘ ?

M, +

= 17 2: H1 = ﬂ'rirjt‘f'Si"‘ + my, M2 = ﬂ'{ps"" T my My
/\j = ﬂ"[]t -+ O'j *I—{.r_)j,

Konacki, Maciejewski & Wolszczan, ApJ, 2000




TOA residuals

TOA residuals




PSR B1257+12, Arecibo, 430 MHz
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PSR B1257+12, Arecibo, 430 MHz
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PSR B1257+12, Arecibo, 430 MHz
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Planets A, B and

Parameter Planet A Planet B Planet C

Projected semi-major axis, z° (ms) 30(1)  L3106(1)  1.4134(2)
Eccentricity, e 0.0 0.0186(2)  0.0252(2)
Epoch of pericenter, T]E (MJD) ... 49765.1(2) 49768.1(1) 49766.5(1)
Orbital period, P? (d) 25.262(3) 66.5419(1) 98.2114(2)
Longitude of pericenter, w? (deg) . 0.0 . \ 108.3(5
Mass (Mg)

Inclination, solution 1, 1 (deg) ...

Inclination, solution 2, i (deg) ...

Planet semi-major axis, u:,' (AU) . 0.19

Konacki, Ph.D. Thesis, 2000
Konacki & Wolszczan, ApJL, 2003




Dispersion measure

DM:j ndl=<n,>L
0

- electron density [e/cm3]
- distance to pulsar [pc]

IXi - timing delay [s]
li - frequency [MHZ]
PSR B1257+12
distance: 600 +/- 100 pc
frequency: 430 and 1400 MHz
DM: 10.165 [pc e/cm?]




Electron density variations

:H @ M(O)-
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Electron density variations

rotation axis
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Planet “D” and i1ts gas cloud

100 200
Orbital phase [deg]

Not yet published, collaborator: A. Wolszczan




Formation Scenarios

Pre supernova scenarios

Planets survive the supernova

Planets are acquired during a stellar
collision

Planets form 1n orbit around a

massive binary )
Post supernova scenarios

Planets form out of accreted matter
from a stellar companion

Planets form from fallback matter
from the supernova




Merger of two white dwarfs




A debris disk around an i1solated
young neutron star
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Figure 3 | Optical/infrared spectral energy distribution of 4U 0142+ 61.




A millisecond pulsar PSR B1620-26
in the globular cluster M4

Globular Cluster M4
Location of white dwarf
| companion to pulsar B1620-26

Hubble Space Telescope « WFPC2

MNASA and H. Richer {Univarsity of British Columbia)
S5TScl-PRCOZ-180

M4: 13 billion years old, medium mass 10° M metal poor 5% of

Sun ?

PSR B1620-26: has a white dwarf companion in a 191 day,
low eccentricity orbit (e = 0.025)




PSR B1620-26

12 years
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o

~31 000 000 000 rotat
40 ms precision
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Spin period P (ms) 11.0757509142025 (18)

Spin frequency f (Hz) 90.287332005426 (14)

f(s7?) —5.4693 (3) x 10713
1.9283 (14) x 10~2°
6.39 (25) x 10733
—21(2) x 107*°
3(3)x 107
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Thorsett et at, ApJd, 1999




Acceleration of
PSR B1620-26
along the line
of sight

2 sin (w, + @), (8)

ﬂz

o
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)r' 3!2
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= 2 (m, + m, + m;)""? cos (w, + ¢,),
2

©)

(m + my; + m,) sin (0w, + ¢,) . (10)

Rasio, ApJL, 1994




HST 1mages of M4

Fig. 1. (A to C) Hubble Space Telescope images of the field where the pulsar is located. The position of the pulsar is indicated by the center of the
circle, which has a radius of 0.7". The three images are the U (F336W), V (F555W), and | (F814W) bandpasses, which are wide-band filters centered
on 336 nm, 555 nm, and 814 nm, respectively.

White dwarf: 0.34 +/- 0.04 M age ~500x106

Sun ?

Orbital inclination of the pulsar-WD system: ~55 deg
(assuming the pulsar mass of 1.35 M_,,)

Planet: semi-major axis of 23 AU, mass ~2.5 +/- 1 M,

Sigurdsson et al, Science, 2003



A possible formation scenaric

Jovian planet in Globular Cluster M4: Calm bystander in stellar drama

Jovian planet forms 3 A Star passes through M4's Slowly spinning neutron
around Sun-like star . ik o core and is drawn toward | star captures star and

in outskirts of M4 F RS Th b a neutron star and its planet; its original partner
13 billion years ago. TR P e companion. is ejected into space.

Jovian planet
(2.5 Jupiter __
masses) fiin

Planet system
® travels to core of
Globular Cluster M4

Sun-like star swells to a Neutron star "spins up," Jovian planet continues to orbit, relatively
red giant, spilling matter becoming a pulsar that undisturbed, around new binary system.
onto neutron star. spins 100 times a second
(FSR B1620-26). Red giant
becomes a helium white
@ dwarf, ®

\:g — f- White dwarf
. Ble20-26 /
Material from k/
red-giant

transfers to
neutron star.




Implications

‘No transiting planets (1.e. short period ones,
“hot Jupiters”) were found 1n the globular clus
47 Tucanae

Planets can form 1n low metallicity environment
all

‘These two facts may reflect a metallicity depen
In the migration mechanisms or that the crowding
the clusters may suppress migration but not for
of planets




Limits to planets around normal p
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Planets around white dwarfs

eStars with masses <= 8 Mg,, end up as white dwa

Even though stars will loose a significant par
mass on the way to WD, planets with orbits larg
(a > 5 AU) will easily survive RGB and AGB phag

‘We are already finding long period planets aro
grants

‘White dwarfs are 103-10%4 times less luminous t

progenitors - this opens the opportunity to det
around WD by direct 1maging

Bureligh et al, MNRAS, 2002




Imaging of white dwarfs

Debes et al, ApJd, 2005, 2006, with HST and
the ground, no planets found

‘Mullally et al, iInfrared photometry with Spi
no planets found




Photometry of pulsating white dwa

Papers by Kepler et al and Winget et al -
no planets
found
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