Triple system J0337+41755

First results from the Nancay timing of the pulsar
in the triple system J033741715
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L Introduction
L The J033741755 system
:

Publication of the discovery of J0337+41755 by Ransom et al.
(2014)

Bar Direction of ascending node

—>
Earth Earth

FIgU re . Sketch of the orbits. The neutron star is the smallest of the bodies but the heaviest so has a
smaller amplitude of motion. Together with the closest (red) white dwarf they form the inner system. To

a good approximation this one can be considered as a body orbiting the outer (green) white dwarf to

1 form the outer system.
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L The J033741755 system

Some characteristics (from Ransom et al. (2014)) :
» Spin period : 2.7 ms; Magnetic field : 108Gauss

Masses : 1.43M, (pulsar), 0.2Mg (inner WD), and 0.4M,
(outer WD).

Periods : 1.6 days (inner system), 327 days (outer system)
» Eccentricities : 7-10~* (inner), 31072 (outer)

v

v

» Semi-major axes for the pulsar : 1.9 Is (inner), 118 Is (outer)

v

Inclination on the sky : 39°
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L Pulsar timing
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Figure : Residuals of the BTX model applied to the last-to-date Nancay
data, that is the difference between the time of arrivals (TOAs) predicted
by the model and the measured times.
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> In the proper frame of the pulsar, the timing model is simple :

1d

f 2
— — 1
g ()T —m)" (1)
T : proper time.

N(1) = N(7o) + f(70)(T — 70) + 5
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- Timing model

> In the proper frame of the pulsar, the timing model is simple :

N(7) = N(719) + f(70)(7 — 70) + 337((7'0)(7'—7'0)2 (1)

T : proper time.

» But in the Solar-system-barycenter frame, delays come in :

N(ta) = N(to) + f(to)(ta — At To)—i-;jf(to)( — At —1p)?

’ )

t, : time of arrival in the Solar-system barycenter.
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- Timing model

Their are numerous delays :

» Rgmer delay : geometrical delay due to the propagation of light

» Einstein delay : time dilation due to speed and/or gravitational
fields.

» Shapiro delay : light bending and slowing down due to
companions.

» Tidal delays : due to tidal interactions
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Their are numerous delays :
» Rgmer delay : geometrical delay due to the propagation of light

v

Einstein delay : time dilation due to speed and/or
gravitational fields.

v

Shapiro delay : light bending and slowing down due to
companions.
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Tidal delays : due to tidal interactions
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- Timing model

Their are numerous delays :

» Rgmer delay : geometrical delay due to the propagation of light

» Einstein delay : time dilation due to speed and/or gravitational
fields.

» Shapiro delay : light bending and slowing down due to
companions.

» Tidal delays : due to tidal interactions
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The timing model that was
developed
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LThe 3-body motion

The 3-body Newtonian motion was adressed :

| 4
dqQ A
dQ, Q- Q) Q — Qk
k=L = oy, gy R 4
du ool "ia—ar W

and circular permutations of {/, J, K'}.
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» Numerical treatment using a Bulirsch-Stoer scheme
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L The 3-body motion

The 3-body Newtonian motion was adressed :

dqQ A
dQ, Q- Q) Q — Qk

k=L = oy g K 4
du ool "ia—ar W

and circular permutations of {/, J, K'}.

» Numerical treatment using a Bulirsch-Stoer scheme

» Not periodic as expected from Bertrand's theorem.
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L Rgmer delay

The Rgmer delay is the variation of distance between the observer
and the pulsar when it orbits one or several companions

Pulsar (P)
g

Barycenter (1)

O?sierver (0) n /

Companion

O

te : time of emission in the frame of the observer
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Flgu € . Rgmer delay with second order correction. The large scale curve is mostly due to the

presence of the outer companion while the inset shows the modulation due to the inner system.
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L Einstein and Shapiro delay

The Einstein delay is variation of time dilation due to speed and
companion gravitational potential variations.

Inner companion

—

vp
Observer (0) s ——E.
~ Pulsar (P)
Outer companion Qproper

The Shapiro delay is due to the gravitational potential along the
light path.
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LEins!:ein and Shapiro delay
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FIgU I'€ ! a) Einstein delay for the parameters drawn from 8-month data (green dots) of J0337 at
Nancay, b) Component due to the outer white dwarf during the same time as in a), c) Zoom on the
component due to the coupling between the outer and inner speeds. The pseudo-period is that of the

inner orbit, about 1.6 days.
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— Shapiro delay interpolation
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Figure : Shapiro delay for the parameters drawn from 14-month data

(green dots) of J0337 at Nancay.
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L Tidal effects

Tidal effects can directly affect the spin frequency of the pulsar.

) Quadrupolar deformat|on

Torq ue from compan
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L Tidal effects

Tidal effects can directly affect the spin frequency of the pulsar.

) Quadrupolar deformat|on

Torq ue from compa

a) Angular momentum must be conserved.
L=lw= dw=—wdil/l

» b) The neutron matter is too stiff (Thorne, 1998).
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Let's fit to data!

DA
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LFinding the best solution with Minuit

» Minuit is a variable-metric minimizer developed at CERN,
suited for many-variable problems.
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LFinding the best solution with Minuit

» Minuit is a variable-metric minimizer developed at CERN,
suited for many-variable problems.

» We want to find the parameters {6} giving the maximum
likelihood for our timing model N(t;, {0x}) and turn numbers
N; of uncertainty o; :

. — N-))2
p(0161)) = [ oo M) I )
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LFinding the best solution with Minuit

» Minuit is a variable-metric minimizer developed at CERN,
suited for many-variable problems.

» We want to find the parameters {6} giving the maximum
likelihood for our timing model N(t;, {0x}) and turn numbers
N; of uncertainty o; :

. — N-))2
p(DI{04}) = [ e ML) 2TV )

i

» Such a fit is not straightforward ! Two tricks were used :

» Comparison with fake pulsars.
» Tracking of Minuit steps.
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LFitl:ing to data from the Nancay radio-telescope
LFinding the best solution with Minuit
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Figure : Best timing residuals obtained so far including Rgmer, Einstein
and Shapiro delays. It includes 11741 TOAs from Nancgay spaning over
670 days.
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» We need to compute the errors on each parameters. We
shall use a Bayesian approach :
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LFitting to data from the Nancay radio-telescope
LEstimating errors

» We need to compute the errors on each parameters. We
shall use a Bayesian approach :
p(DHbk}) x p({0k}) = p({0i}|D) x p(D)

(6)
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» We need to compute the errors on each parameters. We
shall use a Bayesian approach :
p(DHOk}) x p({0}) = p({8k}|D) x p(D)

(6)
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- Estimating errors

» We need to compute the errors on each parameters. We
shall use a Bayesian approach :

x = p({0k}|D) X (6)
» It is generally impossible to compute p({6x}|D). But a
Markov-Chain-Monte-Carlo (MCMC) algorithm can draw a
sample from this density :
» Slow but can be parallelized
» Convergence ensured by the fundamental theorem of Markov
chains (Diaconis, 2009).
» Use of an affine invariant (Goodman and Weare, 2010), more
robust, algorithm by Foreman-Mackey et al. (2013).
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LFitting to data from the Nancay radio-telescope

L Estimating errors
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FIgU [€ ! Statistical distribution of the inner and outer eccentricities as well as their correlation plot.
We can see that this last plot is roughly isotropic, and so that the statistical correlation is low, which is
the case for all outer parameters with respect to inner parameters, as one might expect. The blue lines

show where the fitted value with Minuit is.
10
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Strong equivalence principle test
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LStrong equivalence principle test

» Goal : performing a LLR-type experiment on this system !
(Collaboration with P. Freire, N. Wex and M. Kramer
(Max-Planck-Institut Fiir Radioastronomie, Bonn) )
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LStrong equivalence principle test

» Goal : performing a LLR-type experiment on this system !
(Collaboration with P. Freire, N. Wex and M. Kramer
(Max-Planck-Institut Fiir Radioastronomie, Bonn) )

> Best tests to date are with pulsar-WD systems :

» Polarizing field : Sun 6-1073m - s=2 versus Galaxy
2-103m.s7?

» Measurement accuracy : 1cm for the Earth-Moon system
versus 10m for a pulsar-WD system.

> €grav = Egrav/Mjc? is —5-1071° for Earth versus —0.15 for a
neutron star.
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LStrong equivalence principle test

» Goal : performing a LLR-type experiment on this system !
(Collaboration with P. Freire, N. Wex and M. Kramer
(Max-Planck-Institut Fiir Radioastronomie, Bonn) )

> Best tests to date are with pulsar-WD systems :

» Polarizing field : Sun 6-1073m - s=2 versus Galaxy
2-103m.s7?

» Measurement accuracy : 1cm for the Earth-Moon system
versus 10m for a pulsar-WD system.

> €grav = Egrav/Mjc? is —5-1071° for Earth versus —0.15 for a
neutron star.

» With the triple system : replace the potential of the galaxy by
the potential of the outer white dwarf : 0.02m -s=2!!
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To conclude :

DA
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L Conclusion

To conclude :

» A model implementing a full integration of the 3-body
Newtonian motion as well as Romer, Einstein and Shapiro
delays improves the accuracy by almost two orders of
magnitude.
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» Tidal effects were investigated and showed no significant
contributions.
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To conclude :

» A model implementing a full integration of the 3-body
Newtonian motion as well as Romer, Einstein and Shapiro
delays improves the accuracy by almost two orders of
magnitude.

» Tidal effects were investigated and showed no significant
contributions.

» The model is not yet complete : Post-Newtonian equations of
motion are being implemented.
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L Conclusion

To conclude :

» A model implementing a full integration of the 3-body
Newtonian motion as well as Romer, Einstein and Shapiro
delays improves the accuracy by almost two orders of
magnitude.

» Tidal effects were investigated and showed no significant
contributions.

» The model is not yet complete : Post-Newtonian equations of
motion are being implemented.

» Currently starting a collaboration with P. Freire, N. Wex and
M. Kramer (Max-Planck-Institut Fiir Radioastronomie, Bonn)
to implement a test of the strong equivalence principle.
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f(sY) 365.95332714 er 6.9569952757 - 107% | eo 3.531501 %% - 1
£ (s72) —4.4437973 10714 | 4, (Is) 1.21787% 5, ay (Is) 74.67775
Mp (Mg) — 1.4325%8:1 Qp (rad)  1.6447767 Q; (rad) Le708ty Yy
ip 1.00007%4 T/(MJD)  55917.572¢ To (MJD)  56317.2173%
Hio 1.000007% Pr (days)  1.62047%% Po (days)  327.26;%5°

i (rad) 1.5483796 io(rad) 1.570015 5

Table : This table shows the best fitted parameters for the 3063 first
TOAs from the Nancay decimetric telescope, for the system
J0337+1755, with their error bars. The errors are given for the last digit
at a 90% confidence level. (Is stands for light-second)
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L Parametrization
Parametrization of the outer orbit : Intrinsic parameters :
: !
eo a 0 To Po o f " My pip o
6 o
Direction of ascending node | '\
do ® \.
O
To \
Direction of outer periastron
é?rth
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L parametrization

» In the Newtonian limit, the variation of the moment of inertia
with respect to the spin axis is related to the quadrupolar
moment §Q,, of the star along the NS-Companion axis x :

3
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L parametrization

» In the Newtonian limit, the variation of the moment of inertia
with respect to the spin axis is related to the quadrupolar
moment §Q,, of the star along the NS-Companion axis x :

3

» And §Qj; to the gravitational-field-gradient tensor Ej; through
the so-called tidal polarizability A (Hinderer (2008) and
Fattoyev et al. (2013)) :

0Qjj = —AEjj (8)
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L parametrization

» In the Newtonian limit, the variation of the moment of inertia
with respect to the spin axis is related to the quadrupolar
moment §Q,, of the star along the NS-Companion axis x :

3

» And §Qj; to the gravitational-field-gradient tensor Ej; through
the so-called tidal polarizability A (Hinderer (2008) and
Fattoyev et al. (2013)) :

0Qjj = —AEj; (8)
» The effect is negligible :

dw~ —3.5-107°Hy (9)
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A word about numerical round-off errors :
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A word about numerical round-off errors :
» Data are made of a set of dates, given in Modified Julian Days
(MJD).
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A word about numerical round-off errors :

» Data are made of a set of dates, given in Modified Julian Days
(MJD).
» The first MJD is :

56492.29719264059 (10)
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A word about numerical round-off errors :

» Data are made of a set of dates, given in Modified Julian Days
(MJD).
» The first MJD is :

56492.29719264059 (10)

Maximum length of computer 64-bit representation.
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L The issue of numerical round-off errors

A word about numerical round-off errors :

» Data are made of a set of dates, given in Modified Julian Days
(MJD).
» The first MJD is :

56492.29719264059 (10)

Maximum length of computer 64-bit representation.

» Use of 80-bit representation when necessary + systematic
check of round-off errors.
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L The issue of numerical round-off errors

A word about numerical round-off errors :
» Data are made of a set of dates, given in Modified Julian Days
(MJD).
» The first MJD is :

56492.29719264059 (10)

Maximum length of computer 64-bit representation.

» Use of 80-bit representation when necessary + systematic
check of round-off errors.

> 1us ~ 300m
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:

But only the time of arrival t, is known

AR(te) — AR(ta)

~DR(E) AR
1
| Ar(eagE, + jan(e o

Ar\2
+°(T)

Where Ag <100 s and T 2> 1 day.

(11)
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Number of parameters :

DA
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Number of parameters :

3x6
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Number of parameters :

3 x6+3

(12)

DA



20

e
Triple system J0337+41755
L The issue of numerical round-off errors

Number of parameters :

3X6+3+2

(12)

DA
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Number of parameters :

3x6+3+2-3

(12)
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Number of parameters :

3x6+3+2-3-3

(12)

DA



20

e
Triple system J0337+41755
L The issue of numerical round-off errors

Number of parameters :

3X6+3+2-3-3=17

(12)

DA
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Number of parameters :

3x6+3+2-3-3=17
The intrinsic parameters 1, and 1o

(12)

N
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Number of parameters :

3x6+3+2-3-3=17
The intrinsic parameters 1, and 1o
>

(12)

”’?
Hip 2,3
472 a7
_GPf' (mi + mp)?
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L The issue of numerical round-off errors

Number of parameters :

3X6+3+2-3-3=17

The intrinsic parameters 1, and 1 :

>

m3

L i
Hip = 47233

GT’z’(mi + mp)?

(12)

(13)

» With two bodies pj, =1 : this is Kepler's third law (or mass

function).
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Number of parameters :

3x6+3+2-3-3=17 (12)

The intrinsic parameters 1, and 1 :

g 3
m:
Mip = Goas 2 (13)

GT’z’(mi + mp)

» With two bodies pj, =1 : this is Kepler's third law (or mass
function).

» With three bodies, 1, and 1, are freed because the system is
no longer coplanar.

20
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