Scattering trajectories in Schwarzschild spacetime
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Peters & Mathews computed the PN flux from bound @
eccentric motion

Peters & Mathews, 1963
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“Enhances” flux from Hulse-Taylor pulsar (e=0.62) by factor of 12



We work in a gauge which simplifies the
field equations

Schwarzschild metric

Key assumptions

1. Black hole background: = /

g,uy = g,ul/

2. Small deviations: i — gEH 4 | 55 |QE§

s gk

Metric perturbation

Result
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Regge-Wheeler gauge: Bz orz Ve(r)| Cem(t,7)
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Periodic motion implies a discrete spectrum
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The particular solution follows from integrating @
over the source

Time domain =25+ g = V1) Ban(t:7) = G )3T = 130 + Een8) 6l = )
T
! ar
Frequency domain [dﬂ T = Ve(?")] Xemew (1) = Fome (1)




We spanned the two dimensional space of orbits
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PN parameters involve sums of transcendentals

Found with PSLQ algorithm
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New PN parameters have been confirmed with a @
separate code

Flux residuals after subtracting new PN parameters
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There has been a lot of previous work, but here are a
couple highlights

Oohara &
, Nakamura
Detweiler &
Szedenits ,
T Berti et al.
urner

Blanchet &
Schafer

Sasaki &
Nakamura
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Turner did the ‘Peters-Mathews calculation’ for A
scattering
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The Turner result has only been extended to 1PN

Relative Error in E..q
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We still use spectral methods in the unbound case /;\
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The particular solution follows from integrating

over the source

[_ §t2 + ;“3 " VE(T)] Wy (£, 1) = Gom (t) 8[r — 7 (8)] + Fom (t) 8'[r — 7 (2)]
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Frequency domain [ g Ve(?")] Xoma (1) = Zpmes (1).
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Convergence depends on which master function you

choose /;\
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Speed benefits come at large frequencies

Run time (s)
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The unbound spectrum is dense

(p,e)=(10,0.2)
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The time domain is dense, too




The character of spectra changes with r-min /;\
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Smarr predicted the zero-frequency-limit to be non-zero /;\

for unbound motion
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The ZFL also predicts the memory effect /;\
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The ZFL also predicts the memory effect
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The code struggles with small frequencies

[[\Ijﬁm]] o

Re[W?2(t-r,)]
0.000}
~0.001}
-0.002}
I VeolC
-0.003f 0.05
[ 0.10 |
Dot R s I I | | I - 0.16
-0.004} S I
- —-—025 |
-200000 -100000 0 100000 200000
(t=r)/IM

SR it VIC o | B

:rmin = 1000M 4.X1O_12* :
-10L 4
1.5x10 I V/C 2.)(10_12’ / -
0.05 e 0 '
. 0.10 E SRR -2.x10"2% '
/ L2
LA BN N4 x 1072 1
L . 4 \\ \ S -0.00001 O 0.0000H4
SR 05 ; :
[ A \\ _
5.x 10711} O 0 ]
. I N \ \\
\ J \\ \\
S N N
~. ~ ~
St ~ N S
0 it e B e O
L e
~_=

— lim w C’jmw
w—0
Im[Y¥22(t-r,)]
0.003} /. = 1000M
0.002f
0.001F} ]
0.000f ]
-0.001}f i
I 0.05 |
s 0.10 ]
—0.002: _____ 2 e
[ =3 J — ——020 |
-0.003F A =L
-200000 -100000 0 100000 200000
(t=r.)IM
D T O l'rT.]'[_lﬂ-("‘)'(-:I22I a)l] L | T
2.5x10‘8:-rmi”=1000M . 1.5x102} ]
. V&N
L VeolC A
2 %108} 0.05 \‘\\\ ;
) i 0.10 AR 1 %108
[ = - 0.16 \‘\ \
5% 1lo 8/ R 5 5 020 \\\ .
j L —-—0.25 A ‘\ .
[ ‘\‘ \ \5.x10' Tl ‘ ]
[ WY -0.00001 0  0.00001]
1.x 1078} \‘\\\ ]
I \ \\ \\
—9-_ g \\ \ \\ .
R [ 7y 7 N \\ \\
I s Yo ~.
I /_//’/_,(f' ~.__\ ~o >~
0_-: ---------- e e —

-0.0005 0.0000 0.0005 0.0010 0.0015 0.0020

wM

-0.0005 0.0000

0.0005 0.0010 0.0015 0.0020
wM



The energy flux is interesting in the large and
small limits
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At the critical surface the particle will radiate forever

Re[W?2(t-r,)]

Imin = 4M Imin = 4M
Vool C VolC
_ HRH”N — 0.01 nﬂﬂ | | — 0.01
0.5 n — B ] 05k 0 ]
0.0l =171 (T —f——] I : W |
| \ _ g 0.0 ——————_ —-
E I
- 5 _ \/
AR
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
(t=r.)/M (t=r.)/IM
.............. il SIS P
50}
40t ]
s 30f ]
kQ L ]
20f ]
10:' Vool C :
I — 0.01
I — 0.25
| M R P L e Sy g o Bl et g 0 L
B R GRS 0 TOORN O )



At the critical surface the harmonics are evident /;\
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Frequency domain allows high Lorentz factor scatters /.\

(€,6)=(10,20M), v/c = 0.995
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At high energies we agree with Peters’ predictions
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The point particle can cause a Gibbs phenomenon WJNW




‘Extended homogeneous solutions’” avoids this problem W\/I/\/W

Barack, Ori, Sago

Hopper, Evans
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Scatters also have gauge invariants

Generalized redshift:

Angle of deflection:
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Black holes ring because they have “light rings”

Light ring
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A wormhole can have two light rings

Our universe
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A wormhole rings like a black hole at first,
but echoes later

Wormhole

E=1.5, rpin=4.3M, ro-2M = 107°M

(t=r.)M = =200 - Re[W* (t-r.)]
Gravitational waveform
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These are the main points
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