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Abstract: We consider the motion of a spinning neutron star with astrophysically relevant speed in the gravity field of a massive black hole. The
orbital dynamic is described by the MPD equations which include up to quadrupole interaction. We compare the orbits of the neutron star under
geodesic motion and under MPD equations and show that the difference in the orbital motion can tranglate into a variation of pulse-arrival-time.
Such adifference is within the observational limit of the radio telescopes like SKA and FAST.
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Relativistic scattering of a fast spinning
neutron star by a massive black hole

Kaye Jiale Li
Mullard Space Science Laboratory, UCL

Collaborators: Kinwah Wu (UCL), Po Kin Leung (CUHK),
Dinesh Singh (UofRegina)

g of a millisecond
te
Retativistic scataring of a fast spinning
neutren star by & masshve black hole

Pirsa: 21060059

Next slide

Hyperbolic scattering of a millisecond
pulsar by a black hole

+ Pulsar are the most accurate astrophysical clocks, with precision ~ 107"
+ G al wave has sensitivity ~10 ©

gravitabonal wave —LH_’ Radio bear

—

[Harinet and Luten 2011}

+ Aperfect test system for relativistic
interactions: spin-curvature couplings

+ Amulti-messenger syslem (radio, GW,
and possibly X-ray/Gamma-ray)

Click to add notes
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Hyperbolic scattering of a millisecond
pulsar by a black hole

» Galactic centres or core of the globular clusters
« Formed by stochastic star-star scatterings

gravitational wave ‘L%

[Accurate metric perturbatio

Radio beam

P
/ c
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Theory: the MPD equations

« Equation of motion of a spinning particle (Mathisson 1937, Papapetrou 1951, Dixon 1974)

Dp* | 1 _
4 =g R’
DsH

ar P P

“liner” order “quadratic” order

5% = f dx'“TPI"dE,  (Dixon 1974, Madore 1969, Costa, Natério 2015)
Z(x,u)

a Corinaldesi-Papapetrou (CP): I
SH =0 Static observer
Spin supplementary condition? » Frenkel-Mathisson-Pirani (FMP):
s ug =0  Co-moving observer
* Tulczyjew-Dixon (TD):
K S*P,=0  “Zero-3-momentum” observey
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Theory: the MPD equations

« Equation of motion of a spinning particle (Mathisson 1937, Papapetrou 1951, Dixon 1974)

Dp# 1 .
—d,T = |[— 5 R'U)Va‘ﬁu SaL
Ds*¥

ar PP

“liner” order “quadratic” order

Different spin supplementary conditions

(reference & picture credits: Costa, Natario 2015)
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Theory: the MPD equations

« Equation of motion of a spinning particle (Mathisson 1937, Papapetrou 1951, Dixon 1974)

D 1 Dixon’s force & torque
p v _af 1 apyo
F = —§Rﬂuaﬁu SaL +}:UJ ’ FH = _EJ By V”Raﬁﬁa
DS“’V v 4 o v
= i — pruM|+ TH TH — §J mmvaaﬁ
“liner” order “quadratic” order

What is the quadrupole tensor? (Ehlers and Rudolph 1977, Steinhoff 2011, etc)
-- It has the same symmetry as Riemann tensor

“gravito-’*electric” tidal deformation
& spin-induced deformation

My, 1 a c 1 cloa 3 a =
mp my, mp mp

Jabcd —

“gravito-magnetic” tidal deformation
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Theory: the MPD equations

« Equation of motion of a spinning particle (Mathisson 1937, Papapetrou 1951, Dixon 1974)
Dixon’s force & torque

Dp# 1 ; 1

L —=|—-Z RH v gaf (o B — _ — qaByoxyu

DsH¥ , 4 .
“liner” order “quadratic” order

What is the quadrupole tensor? (Ehlers and Rudolph 1977, Steinhoff 2011, etc)
-- It has the same symmetry as Riemann tensor

Ansatz: JoBY — 4u["‘x(u)6] [74,°] Spin-induced quadrupole

I & STF
_ - v QB
Polarizability constant
(527881 = 5287 — 25*P(u)*?
E P(u)aﬁ = grxﬂ —|—u"‘u5
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Previous results for elliptical orbits

(Singh, Wu and Sarty 2014, Kimpson, Wu and Zane 2018, Li, Wu and Singh 2019)

Tinit = 20M Precession of the spin axis

30 30
20 2 2
10
0
- N
-10
-20
s -10 5 0 5 10 15 25 20 15 0 5 0 5 10 15 20 26
x M) xM]
=
0 y. a
y N ™ :
S 0 1
Sx
20§ /
- \ =<1 . /]
£ o ' D 0.0 . [
= Ppserii 3 n = |
/7 N » il 15 [ '
—-0.2 D i |
-0 \ [
% - |
4 = —04 ’ ‘
N : x / |
£ -0 Fad ;
20 £ A
_ e — et — 3.\.]’ 08 | | "\m‘/\m,\/v 0.06
—— =2y 7 0 \ .
E_ o] %= ff‘gﬁ‘%fj:* e (. - (. A [ 3 004
P ——a —10] — /M =20a/M=+099 | 5 ] <
0| A . —— /M =50,0/M =+099 | | \ ® g o002
) \ ] \f\ / & |
e TR — —12{ —— /M =100.0/M = 4099 |/ J’\/\ S ooo o 4
x([rg] - - = = . b 2
2 4 6 8 10 ° oo
t‘uﬂ,u./"'-'

Pirsa: 21060059 Page 8/15



Pirsa: 21060059

Solving the MPD equations

Local truncation error & round-off error

S
Truncation error Yn+1 = Yn + h Z bik; Q} Yn+1 — Y(tnt1) — error

Round-off error
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Solution to the MPD equations

« Comparing with analytic§I solution at linear order (equatorial motion)

Ap = 2¢0(x) + 25¢5(x) — 7

(see Bini, Donato, et al 2017)

Conclusion

err (A¢) < 10~ rad

in % 10° (rad)
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Deviation from the geodesics

* Tiis MEDiequation Deviations from geodesics (solid lines)
Dp#
T DM v af m
3 = g itvepu s + 5 M
Ds#¥ 20 g
e A S 05
" —20
« The geodesics equation —40
Dp“ ~0, : ey
dT 20 0 250 _258\3\¥
DsH¥ _0 2/ 750 100095 750
dr

 When will this deviation becomes detectable?

Take Ar = 30km ~ 100 ,u,s

« We cannot observer the MSP for mﬁnlty long time.
Suppose the pulsar is observed for 30min-24h after the close flyby
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When will this deviation becomes detectable?

Mgy = 10°Mg different orientations of spin
i ,:E ‘ ' = 1d, 2k 7

2 Mostly within 2 hours

Ps=1ms ¥
I 10
time x My Phs
10} 4

S E Mostly within 1 da

Phs =10ms ¢ 7 Y d
=
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What is the probability of observing a deviation of 30km?

* The spin’s effects of an MSP
on a wider orbit is still
observable given sufficient
long observation time

« A pulsar with smaller spin

can also be used as probes
of MPD dynamics

1
b ox v,

max(Tmin) /M P
10 120 220 350 510)
100% === ' . iy s R B
~ \, i
N
80% a—
\ \
\“ \
s 60(%' 1 \‘
P.. — = LY
hs = 1ms = VA
40%¢ ST
—— 0.5hour \ A\
=== Tlhour ‘\‘ \
20%F —-= 2hour \\ \
"""" 10 hour ‘\ \
0%k 20hour __ | \ A\
100% p==== e T T T |
N
N
80%F \
\ \ A
\ \
. B0%[ \\ \
& :
Prs =10ms = oY
40% ' -
—— 1 hour “ \,
=== 2hour H \
20%F —-— 10hour { \
----- 20 hour i \
0%k 24 hour __ ‘1 \,
o 1 2 3

Vo = 10km/s in this figure

Page 13/15



Step towards radio observations

« Gravitational relativity radiation transfer (G )
: : : observer
— Precession of the spin’s axis

— Gravitational redshift o —]

— Gravitational abbreviation @ O O
N

— Spatial dispersion due to plasma (Kimpson, Wu and Zane 2019) ‘
— Dynamical space time (Hu, Wu, Martin Li, Lin and Younsi 2021)
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Summary

* For millisecond pulsars with 1ms < P, < 10ms, the equation of

motion is described with MPD equations.

» The forces due to spin-curvature and quadrupole-curvature
couplings lead to deviation from the geodesics, which is
observable within hours for 1000 solar mass black hole, longer
observing time for more massive black holes.

* Modelling the radio emission requires solving the null geodesic
on a dynamical space-time manifold with the presence of
plasma on the line-of-sight.
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