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ERA OF GRAVITATIONAL WAVE PHYSICS: NEED FOR HIGH-PRECISION PREDICTIONS

Upcoming 3rd  generation of gravitational wave 
observatories with 102 sensitivity increase 
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~2035

High-precision predictions necessary 
basis to study fundamental questions in 
physics:

‣ Is Einstein’s theory correct?

‣ Black hole formation & population?

‣ Neutron star properties?

‣ Physics beyond the standard model?

Need for accurate waveform predictions well 
beyond state-of-the art
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GRAVITATIONAL TWO-BODY PROBLEM/d

·

Black Hole 

mass, spin 
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·

Neutron Star

mass, spin, radius,

tidal deformability

Perturbation theory: good for inspiral (weak fields, long duration)
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Figure 1: The physical e↵ect of the GW polarizations h+ and h⇥. In the illustration, a sinusoidal GW travels through the z
axis or perpendicular to the page and the e↵ect over the ring of particle that lay in the xy plane or over the page is to stretch
and to squeeze the separation distance between them.

C. Gravitational Waves from Inspiral Binary Systems

The first two direct observations of GW signals recently reported by the LIGO team (GW150914 and GW151226)
were produced by the coalescence of two stellar-mass black holes [13, 14]. In these systems, the two objects gradually
spirals inwards while GW are emitted. In this process, the system evolves in three di↵erent phases, inspiral, merger
and ringdown (Figure 2).

In the inspiral phase the two objects are orbiting and approaching each other while the orbital frequency increases.
At this stage, post-Newtonian approximations to general relativity analytically model the evolution of the system
and thus, high accurate signals can be computed [22]. The resulting GW waveform is a chirp signal, i.e., a sinusoid
increasing in frequency and amplitude up to a limit. The merger phase initiates when the separation distance between
the two objects reaches the so-called innermost stable circular orbit (ISCO). In consequence, the objects collide and
plunge into one. The system is dynamically unstable which leads to a highly complex non-linear system of the Einstein
equations where no analytical solution exits. Therefore, numerical relativity is needed to compute the GW signal [23].
Finally, the ringdown phase stars after the collision and the resulting object, a black hole, relaxes to a stationary
state. In this process, the perturbation theory can used to analytically solve the Einstein equations. This leads to
the quasi-normal modes of the final Kerr black hole where the GW signal is described by well-modeled exponentially
damped sinusoidal oscillations [24]. These three stages in the life of a compact binary system are known as Compact
Binary Coalescence (CBC).
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Figure 2: The three phases in the temporal evolution of a binary system. In the inspiral phase the two object are orbiting and
approaching each other. In the merger phase the two objects fuse into one. In the ringdown phase the resulting object relaxes
to a stationary state.

This work focuses in the detection of GW from the inspiral phase using LIGO data. To accomplish this, we need
the analytical model of the GW. The masses of the two astrophysical objects are m1 and m2, they are separated
a distance a and are orbiting in their common center of mass. The reference frame of the source (Figure 3) is the
Cartesian coordinate system (x, y, z) where the origin is the center of the binary, and the GW is observed at point

inspiral merger
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Numerical relativity: good for merger (strong gravity, short duration) 

2

Einstein’s eqs. cannot be solved exactly  approximation schemes⇒

 import Quantum Field Theory tools!⇔



(credit: Ana Carvalho)
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PERTURBATIVE SCHEMES
Large-separation & slow-velocity  expansion




Good for quasi-circular bound orbits

ϵPN =
GM

r
∼ v2

Post-Newtonian (PN)

Large-separation expansion 


        exact in !


Good for scattering & eccentric orbits

ϵPM =
GM

r
v

Post-Minkowskian (PM)

Large-mass ratio expansion


       semi-analytic, exact in !


Good for extreme-mass ratios, scattering and bound orbits

ϵGSF =
m1

m2
G & v

Gravitational Self-Force (SF)



WORLDLINE EFFECTIVE FIELD THEORY OF COMPACT OBJECTS
During inspiral or scattering: Separation of scales:
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• Solving non-linear Einstein field equations:

Waveform modeling techniques

Unbound SystemBound System
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Waveform modeling techniques

Unbound SystemBound System
Far field waveform
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Effective Field Theory description:  BH?NS as spinning point particle moving on its worldline

EFT of Compact Bodies
Goldberger, Rothstein: [0409156], Levi, Steinhoff: [1506.05056], Porto: [1601.04914], Saketh, Steinhoff, Vines, Buonanno: [2212.13095]

Other effects: Absorption of mass and spin, Quadrupole moments…
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aµ(⌧)

<latexit sha1_base64="yA5R2GCBfWqoxgQBJZC7hGCl62I="></latexit>

L(1)
EFT ⇠ mGN

b
⇠ a @g

L(2)
EFT ⇠

✓
mGN

b

◆2

⇠ a2@2g

. . .

L(4)
EFT ⇠

✓
mGN

b

◆4

⇠ a4@4g + (mGN )4(@2g)2 + . . .

<latexit sha1_base64="QWckRifI2mC9FIfdfr8cy8YbAIQ="></latexit>

SEFT = �m

Z
d⌧

X

n

L(n)
EFT

L(0)
EFT = 1

Black holes:
<latexit sha1_base64="qfCMMh7W+O1YNQse3vaDASpoMtw=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KolI9VjwYE9SwX5AE8NmO22X7iZhd1Moaf+JFw+KePWfePPfuG1z0NYHA4/3ZpiZFyacKe0439ba+sbm1nZhp7i7t39waB8dN1WcSgoNGvNYtkOigLMIGpppDu1EAhEhh1Y4vJ35rRFIxeLoUY8T8AXpR6zHKNFGCmx7Qp48kU48Dljgu+A+sEtO2ZkDrxI3JyWUox7YX143pqmASFNOlOq4TqL9jEjNKIdp0UsVJIQOSR86hkZEgPKz+eVTfG6ULu7F0lSk8Vz9PZERodRYhKZTED1Qy95M/M/rpLp342csSlINEV0s6qUc6xjPYsBdJoFqPjaEUMnMrZgOiCRUm7CKJgR3+eVV0rwsu5Vy5eGqVK3lcRTQKTpDF8hF16iKaqiOGoiiEXpGr+jNyqwX6936WLSuWfnMCfoD6/MHwwSTHw==</latexit>

|aµ|  mGN

/d

·
Black Hole 

mass, spin 

/d

·

Neutron Star

mass, spin, radius,

tidal deformabilityBlack-hole spin :aμ

EFT of Compact Bodies
Goldberger, Rothstein: [0409156], Levi, Steinhoff: [1506.05056], Porto: [1601.04914], Saketh, Steinhoff, Vines, Buonanno: [2212.13095]

Other effects: Absorption of mass and spin, Quadrupole moments…

<latexit sha1_base64="WzEQlK6DcgbhqMneNTYwOnXUCdI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB0DXnKMYB6wu4bZyWwyZHZnmekRQshnePGgiFe/xpt/4yTZgyYWNBRV3XR3RZngGlz32ymsrW9sbhW3Szu7e/sH5cOjtpZGUdaiUkjVjYhmgqesBRwE62aKkSQSrBON7mZ+54kpzWX6AOOMhQkZpDzmlICV/OwxSEw1AGLOe+WKW3PnwKvEy0kF5Wj2yl9BX1KTsBSoIFr7nptBOCEKOBVsWgqMZhmhIzJgvqUpSZgOJ/OTp/jMKn0cS2UrBTxXf09MSKL1OIlsZ0JgqJe9mfif5xuIb8MJTzMDLKWLRbERGCSe/Y/7XDEKYmwJoYrbWzEdEkUo2JRKNgRv+eVV0r6oede1q/vLSr2Rx1FEJ+gUVZGHblAdNVATtRBFEj2jV/TmgPPivDsfi9aCk88coz9wPn8A0LCQ+w==</latexit>

pµ(⌧)

<latexit sha1_base64="w10iV/SAlmLt5lnNcIaxZmjAkKU=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyKr2PAS44RzAN21zA7mU2GzOwsM71CDPkMLx4U8erXePNvnCR70MSChqKqm+6uKBXcgOt+Oyura+sbm4Wt4vbO7t5+6eCwZVSmKWtSJZTuRMQwwRPWBA6CdVLNiIwEa0fD26nffmTacJXcwyhloST9hMecErCS//QQyKwSAMnOuqWyW3VnwMvEy0kZ5Wh0S19BT9FMsgSoIMb4nptCOCYaOBVsUgwyw1JCh6TPfEsTIpkJx7OTJ/jUKj0cK20rATxTf0+MiTRmJCPbKQkMzKI3Ff/z/Azim3DMkzQDltD5ojgTGBSe/o97XDMKYmQJoZrbWzEdEE0o2JSKNgRv8eVl0jqvelfVy7uLcq2ex1FAx+gEVZCHrlEN1VEDNRFFCj2jV/TmgPPivDsf89YVJ585Qn/gfP4A4DyRBQ==</latexit>

zµ(⌧)

<latexit sha1_base64="idTQQCbvWCgFOuZcNDgs4LRy904=">AAACCHicbZC7TsMwFIYdrqXcAowMWFRITFWCuI2VGOiEyqUXqYkix3Vbq7YT2Q6oijqy8CosDCDEyiOw8TY4bQZo+SVLn/5zjo7PH8aMKu0439bc/MLi0nJhpbi6tr6xaW9tN1SUSEzqOGKRbIVIEUYFqWuqGWnFkiAeMtIMBxdZvXlPpKKRuNPDmPgc9QTtUoy0sQJ7D0JPUQ45vAyuJngTpJ7k8Bb3H0bFwC45ZWcsOAtuDiWQqxbYX14nwgknQmOGlGq7Tqz9FElNMSOjopcoEiM8QD3SNigQJ8pPx4eM4IFxOrAbSfOEhmP390SKuFJDHppOjnRfTdcy879aO9Hdcz+lIk40EXiyqJswqCOYpQI7VBKs2dAAwpKav0LcRxJhbbLLQnCnT56FxlHZPS2fXB+XKtU8jgLYBfvgELjgDFRAFdRAHWDwCJ7BK3iznqwX6936mLTOWfnMDvgj6/MH01uX/w==</latexit>

⇠ mGN ⇠ RSchw
<latexit sha1_base64="2KLo3C9atcqvlZWlXm2kH27W9Sw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTia1lwYVdSwT6gCWEynaRDZyZhZiKW0F9x40IRt/6IO//GSZuFVg9cOJxzL/feE6aMKu04X1ZlZXVtfaO6Wdva3tnds/frPZVkEpMuTlgiByFShFFBuppqRgapJIiHjPTDyXXh9x+IVDQR93qaEp+jWNCIYqSNFNh1CD1FOQyhF8eQ3wS3tcBuOE1nDviXuCVpgBKdwP70RgnOOBEaM6TU0HVS7edIaooZmdW8TJEU4QmKydBQgThRfj6/fQaPjTKCUSJNCQ3n6s+JHHGlpjw0nRzpsVr2CvE/b5jp6MrPqUgzTQReLIoyBnUCiyDgiEqCNZsagrCk5laIx0girE1cRQju8st/Se+06V40z+/OGq12GUcVHIIjcAJccAlaoA06oAsweARP4AW8WjPr2Xqz3hetFaucOQC/YH18Az4lkqs=</latexit>

! b " mGN

<latexit sha1_base64="E98iQvWQlsL/q17cG9KwOdaofAc=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahXsquSPVY8NJjBfsBu2vJptk2NNksyUQopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMizPONHjet1PY2Nza3inulvb2Dw6PyscnHS2NIrRNJJeqF2NNOUtpGxhw2ssUxSLmtBuP7+Z+94kqzWT6AJOMRgIPU5YwgsFKAX4MhamGgM1lv1zxat4C7jrxc1JBOVr98lc4kMQImgLhWOvA9zKIplgBI5zOSqHRNMNkjIc0sDTFgupoujh55l5YZeAmUtlKwV2ovyemWGg9EbHtFBhGetWbi/95gYHkNpqyNDNAU7JclBjugnTn/7sDpigBPrEEE8XsrS4ZYYUJ2JRKNgR/9eV10rmq+fVa/f660mjmcRTRGTpHVeSjG9RATdRCbUSQRM/oFb054Lw4787HsrXg5DOn6A+czx+5sJDt</latexit>

aµ (! )

<latexit sha1_base64="yA5R2GCBfWqoxgQBJZC7hGCl62I="></latexit>

L (1)
EFT !

mGN

b
! a ! g

L (2)
EFT !

!
mGN

b

" 2

! a2! 2g

. . .

L (4)
EFT !

!
mGN

b

" 4

! a4! 4g + ( mGN )4(! 2g)2 + . . .

<latexit sha1_base64="QWckRifI2mC9FIfdfr8cy8YbAIQ="></latexit>

SEFT = ! m
!

d!
"

n

L (n )
EFT

L (0)
EFT = 1

Black holes:
<latexit sha1_base64="qfCMMh7W+O1YNQse3vaDASpoMtw=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KolI9VjwYE9SwX5AE8NmO22X7iZhd1Moaf+JFw+KePWfePPfuG1z0NYHA4/3ZpiZFyacKe0439ba+sbm1nZhp7i7t39waB8dN1WcSgoNGvNYtkOigLMIGpppDu1EAhEhh1Y4vJ35rRFIxeLoUY8T8AXpR6zHKNFGCmx7Qp48kU48Dljgu+A+sEtO2ZkDrxI3JyWUox7YX143pqmASFNOlOq4TqL9jEjNKIdp0UsVJIQOSR86hkZEgPKz+eVTfG6ULu7F0lSk8Vz9PZERodRYhKZTED1Qy95M/M/rpLp342csSlINEV0s6qUc6xjPYsBdJoFqPjaEUMnMrZgOiCRUm7CKJgR3+eVV0rwsu5Vy5eGqVK3lcRTQKTpDF8hF16iKaqiOGoiiEXpGr+jNyqwX6936WLSuWfnMCfoD6/MHwwSTHw==</latexit>

|aµ | ! mGN

/d

!
Black Hole 

mass, spin 

/d

!

Neutron Star

mass, spin, radius,!
tidal deformability

EFT of Compact Bodies
Goldberger,  Rothstein:  [0409156],  Levi,  Steinho ! : [1506.05056],  Porto:  [1601.04914],  Saketh,  Steinho ! , Vines, Buonanno:  [2212.13095]

Other  e! ects:  Absorption  of  mass  and spin,  Quadrupole  momentsÉ

<latexit sha1_base64="WzEQlK6DcgbhqMneNTYwOnXUCdI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB0DXnKMYB6wu4bZyWwyZHZnmekRQshnePGgiFe/xpt/4yTZgyYWNBRV3XR3RZngGlz32ymsrW9sbhW3Szu7e/sH5cOjtpZGUdaiUkjVjYhmgqesBRwE62aKkSQSrBON7mZ+54kpzWX6AOOMhQkZpDzmlICV/OwxSEw1AGLOe+WKW3PnwKvEy0kF5Wj2yl9BX1KTsBSoIFr7nptBOCEKOBVsWgqMZhmhIzJgvqUpSZgOJ/OTp/jMKn0cS2UrBTxXf09MSKL1OIlsZ0JgqJe9mfif5xuIb8MJTzMDLKWLRbERGCSe/Y/7XDEKYmwJoYrbWzEdEkUo2JRKNgRv+eVV0r6oede1q/vLSr2Rx1FEJ+gUVZGHblAdNVATtRBFEj2jV/TmgPPivDsfi9aCk88coz9wPn8A0LCQ+w==</latexit>

pµ (! )

<latexit sha1_base64="w10iV/SAlmLt5lnNcIaxZmjAkKU=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyKr2PAS44RzAN21zA7mU2GzOwsM71CDPkMLx4U8erXePNvnCR70MSChqKqm+6uKBXcgOt+Oyura+sbm4Wt4vbO7t5+6eCwZVSmKWtSJZTuRMQwwRPWBA6CdVLNiIwEa0fD26nffmTacJXcwyhloST9hMecErCS//QQyKwSAMnOuqWyW3VnwMvEy0kZ5Wh0S19BT9FMsgSoIMb4nptCOCYaOBVsUgwyw1JCh6TPfEsTIpkJx7OTJ/jUKj0cK20rATxTf0+MiTRmJCPbKQkMzKI3Ff/z/Azim3DMkzQDltD5ojgTGBSe/o97XDMKYmQJoZrbWzEdEE0o2JSKNgRv8eVl0jqvelfVy7uLcq2ex1FAx+gEVZCHrlEN1VEDNRFFCj2jV/TmgPPivDsf89YVJ585Qn/gfP4A4DyRBQ==</latexit>

zµ (! )

<latexit sha1_base64="idTQQCbvWCgFOuZcNDgs4LRy904=">AAACCHicbZC7TsMwFIYdrqXcAowMWFRITFWCuI2VGOiEyqUXqYkix3Vbq7YT2Q6oijqy8CosDCDEyiOw8TY4bQZo+SVLn/5zjo7PH8aMKu0439bc/MLi0nJhpbi6tr6xaW9tN1SUSEzqOGKRbIVIEUYFqWuqGWnFkiAeMtIMBxdZvXlPpKKRuNPDmPgc9QTtUoy0sQJ7D0JPUQ45vAyuJngTpJ7k8Bb3H0bFwC45ZWcsOAtuDiWQqxbYX14nwgknQmOGlGq7Tqz9FElNMSOjopcoEiM8QD3SNigQJ8pPx4eM4IFxOrAbSfOEhmP390SKuFJDHppOjnRfTdcy879aO9Hdcz+lIk40EXiyqJswqCOYpQI7VBKs2dAAwpKav0LcRxJhbbLLQnCnT56FxlHZPS2fXB+XKtU8jgLYBfvgELjgDFRAFdRAHWDwCJ7BK3iznqwX6936mLTOWfnMDvgj6/MH01uX/w==</latexit>

! mGN ! RSchw
<latexit sha1_base64="2KLo3C9atcqvlZWlXm2kH27W9Sw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTia1lwYVdSwT6gCWEynaRDZyZhZiKW0F9x40IRt/6IO//GSZuFVg9cOJxzL/feE6aMKu04X1ZlZXVtfaO6Wdva3tnds/frPZVkEpMuTlgiByFShFFBuppqRgapJIiHjPTDyXXh9x+IVDQR93qaEp+jWNCIYqSNFNh1CD1FOQyhF8eQ3wS3tcBuOE1nDviXuCVpgBKdwP70RgnOOBEaM6TU0HVS7edIaooZmdW8TJEU4QmKydBQgThRfj6/fQaPjTKCUSJNCQ3n6s+JHHGlpjw0nRzpsVr2CvE/b5jp6MrPqUgzTQReLIoyBnUCiyDgiEqCNZsagrCk5laIx0girE1cRQju8st/Se+06V40z+/OGq12GUcVHIIjcAJccAlaoA06oAsweARP4AW8WjPr2Xqz3hetFaucOQC/YH18Az4lkqs=</latexit>

! b " mGN

<latexit sha1_base64="E98iQvWQlsL/q17cG9KwOdaofAc=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahXsquSPVY8NJjBfsBu2vJptk2NNksyUQopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMizPONHjet1PY2Nza3inulvb2Dw6PyscnHS2NIrRNJJeqF2NNOUtpGxhw2ssUxSLmtBuP7+Z+94kqzWT6AJOMRgIPU5YwgsFKAX4MhamGgM1lv1zxat4C7jrxc1JBOVr98lc4kMQImgLhWOvA9zKIplgBI5zOSqHRNMNkjIc0sDTFgupoujh55l5YZeAmUtlKwV2ovyemWGg9EbHtFBhGetWbi/95gYHkNpqyNDNAU7JclBjugnTn/7sDpigBPrEEE8XsrS4ZYYUJ2JRKNgR/9eV10rmq+fVa/f660mjmcRTRGTpHVeSjG9RATdRCbUSQRM/oFb054Lw4787HsrXg5DOn6A+czx+5sJDt</latexit>

aµ (! )

<latexit sha1_base64="yA5R2GCBfWqoxgQBJZC7hGCl62I="></latexit>

L (1)
EFT !

mGN

b
! a ! g

L (2)
EFT !

!
mGN

b

" 2

! a2! 2g

. . .

L (4)
EFT !

!
mGN

b

" 4

! a4! 4g + ( mGN )4(! 2g)2 + . . .

<latexit sha1_base64="QWckRifI2mC9FIfdfr8cy8YbAIQ="></latexit>

SEFT = ! m
!

d!
"

n

L (n )
EFT

L (0)
EFT = 1

Black holes:
<latexit sha1_base64="qfCMMh7W+O1YNQse3vaDASpoMtw=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KolI9VjwYE9SwX5AE8NmO22X7iZhd1Moaf+JFw+KePWfePPfuG1z0NYHA4/3ZpiZFyacKe0439ba+sbm1nZhp7i7t39waB8dN1WcSgoNGvNYtkOigLMIGpppDu1EAhEhh1Y4vJ35rRFIxeLoUY8T8AXpR6zHKNFGCmx7Qp48kU48Dljgu+A+sEtO2ZkDrxI3JyWUox7YX143pqmASFNOlOq4TqL9jEjNKIdp0UsVJIQOSR86hkZEgPKz+eVTfG6ULu7F0lSk8Vz9PZERodRYhKZTED1Qy95M/M/rpLp342csSlINEV0s6qUc6xjPYsBdJoFqPjaEUMnMrZgOiCRUm7CKJgR3+eVV0rwsu5Vy5eGqVK3lcRTQKTpDF8hF16iKaqiOGoiiEXpGr+jNyqwX6936WLSuWfnMCfoD6/MHwwSTHw==</latexit>

|aµ | ! mGN

/d

!
Black Hole 

mass, spin 

/d

!

Neutron Star

mass, spin, radius,!
tidal deformability

EFT of Compact Bodies
Goldberger,  Rothstein:  [0409156],  Levi,  Steinho ! : [1506.05056],  Porto:  [1601.04914],  Saketh,  Steinho ! , Vines, Buonanno:  [2212.13095]

Other  e! ects:  Absorption  of  mass  and spin,  Quadrupole  momentsÉ

<latexit sha1_base64="WzEQlK6DcgbhqMneNTYwOnXUCdI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB0DXnKMYB6wu4bZyWwyZHZnmekRQshnePGgiFe/xpt/4yTZgyYWNBRV3XR3RZngGlz32ymsrW9sbhW3Szu7e/sH5cOjtpZGUdaiUkjVjYhmgqesBRwE62aKkSQSrBON7mZ+54kpzWX6AOOMhQkZpDzmlICV/OwxSEw1AGLOe+WKW3PnwKvEy0kF5Wj2yl9BX1KTsBSoIFr7nptBOCEKOBVsWgqMZhmhIzJgvqUpSZgOJ/OTp/jMKn0cS2UrBTxXf09MSKL1OIlsZ0JgqJe9mfif5xuIb8MJTzMDLKWLRbERGCSe/Y/7XDEKYmwJoYrbWzEdEkUo2JRKNgRv+eVV0r6oede1q/vLSr2Rx1FEJ+gUVZGHblAdNVATtRBFEj2jV/TmgPPivDsfi9aCk88coz9wPn8A0LCQ+w==</latexit>

pµ (! )

<latexit sha1_base64="w10iV/SAlmLt5lnNcIaxZmjAkKU=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJeyKr2PAS44RzAN21zA7mU2GzOwsM71CDPkMLx4U8erXePNvnCR70MSChqKqm+6uKBXcgOt+Oyura+sbm4Wt4vbO7t5+6eCwZVSmKWtSJZTuRMQwwRPWBA6CdVLNiIwEa0fD26nffmTacJXcwyhloST9hMecErCS//QQyKwSAMnOuqWyW3VnwMvEy0kZ5Wh0S19BT9FMsgSoIMb4nptCOCYaOBVsUgwyw1JCh6TPfEsTIpkJx7OTJ/jUKj0cK20rATxTf0+MiTRmJCPbKQkMzKI3Ff/z/Azim3DMkzQDltD5ojgTGBSe/o97XDMKYmQJoZrbWzEdEE0o2JSKNgRv8eVl0jqvelfVy7uLcq2ex1FAx+gEVZCHrlEN1VEDNRFFCj2jV/TmgPPivDsf89YVJ585Qn/gfP4A4DyRBQ==</latexit>

zµ (! )

<latexit sha1_base64="idTQQCbvWCgFOuZcNDgs4LRy904=">AAACCHicbZC7TsMwFIYdrqXcAowMWFRITFWCuI2VGOiEyqUXqYkix3Vbq7YT2Q6oijqy8CosDCDEyiOw8TY4bQZo+SVLn/5zjo7PH8aMKu0439bc/MLi0nJhpbi6tr6xaW9tN1SUSEzqOGKRbIVIEUYFqWuqGWnFkiAeMtIMBxdZvXlPpKKRuNPDmPgc9QTtUoy0sQJ7D0JPUQ45vAyuJngTpJ7k8Bb3H0bFwC45ZWcsOAtuDiWQqxbYX14nwgknQmOGlGq7Tqz9FElNMSOjopcoEiM8QD3SNigQJ8pPx4eM4IFxOrAbSfOEhmP390SKuFJDHppOjnRfTdcy879aO9Hdcz+lIk40EXiyqJswqCOYpQI7VBKs2dAAwpKav0LcRxJhbbLLQnCnT56FxlHZPS2fXB+XKtU8jgLYBfvgELjgDFRAFdRAHWDwCJ7BK3iznqwX6936mLTOWfnMDvgj6/MH01uX/w==</latexit>

! mGN ! RSchw
<latexit sha1_base64="2KLo3C9atcqvlZWlXm2kH27W9Sw=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTia1lwYVdSwT6gCWEynaRDZyZhZiKW0F9x40IRt/6IO//GSZuFVg9cOJxzL/feE6aMKu04X1ZlZXVtfaO6Wdva3tnds/frPZVkEpMuTlgiByFShFFBuppqRgapJIiHjPTDyXXh9x+IVDQR93qaEp+jWNCIYqSNFNh1CD1FOQyhF8eQ3wS3tcBuOE1nDviXuCVpgBKdwP70RgnOOBEaM6TU0HVS7edIaooZmdW8TJEU4QmKydBQgThRfj6/fQaPjTKCUSJNCQ3n6s+JHHGlpjw0nRzpsVr2CvE/b5jp6MrPqUgzTQReLIoyBnUCiyDgiEqCNZsagrCk5laIx0girE1cRQju8st/Se+06V40z+/OGq12GUcVHIIjcAJccAlaoA06oAsweARP4AW8WjPr2Xqz3hetFaucOQC/YH18Az4lkqs=</latexit>

! b " mGN

<latexit sha1_base64="E98iQvWQlsL/q17cG9KwOdaofAc=">AAAB8nicbVBNSwMxEM3Wr1q/qh69LBahXsquSPVY8NJjBfsBu2vJptk2NNksyUQopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMizPONHjet1PY2Nza3inulvb2Dw6PyscnHS2NIrRNJJeqF2NNOUtpGxhw2ssUxSLmtBuP7+Z+94kqzWT6AJOMRgIPU5YwgsFKAX4MhamGgM1lv1zxat4C7jrxc1JBOVr98lc4kMQImgLhWOvA9zKIplgBI5zOSqHRNMNkjIc0sDTFgupoujh55l5YZeAmUtlKwV2ovyemWGg9EbHtFBhGetWbi/95gYHkNpqyNDNAU7JclBjugnTn/7sDpigBPrEEE8XsrS4ZYYUJ2JRKNgR/9eV10rmq+fVa/f660mjmcRTRGTpHVeSjG9RATdRCbUSQRM/oFb054Lw4787HsrXg5DOn6A+czx+5sJDt</latexit>
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• Solving non-linear Einstein field equations:

Waveform modeling techniques

Unbound SystemBound System
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RELATIVISTIC TWO BODY PROBLEM IN PM: TRADITIONAL  APPROACH 
Point-particle approximation for BHs (or NSs)

Point particle approximation Bulk gravity & gauge fixing
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3) Construct observables

Far field waveform:

„Impulse“ (change in momentum):

<latexit sha1_base64="mXJVakUmDN8wwKRFKQBieqn0a8g="></latexit>

lim
r !"

hµ ! =
f µ ! (t ! r, ! , " )

r
+ O(

1
r 2 )

6

straight line: „in“ state deflectionsemitted radiation

2) Solve iteratively in 
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